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Abstract

A high energy X-ray astronomy payload with phoswich scintillation detectors was flown from Hyderabad, India on
December 18, 1984. Five galactic X-ray sources, Sco X-1, Cyg X-l, GX 5-1, Cyg X-3 and GX 1+4 were osberved. The
timing data, with a high time resolution of 40

ys,
were analysed for periodicities and quasi-periodic oscillations (QPO's).GX 1+4 was in a low luminosity state and showed pulsations with a period of 95.9 5. Its period derivative was calculated.

Sco X-1 was found not to exhibit QPO's in [8-40 keV X-rays with a 90% confidence limit of 0.20 on amplitude. Spectraare presented for Sco X-1, Cyg X-l and GX 5-1.

l. INTRODUCTION

An X-ray astronomy telescope was launched from the Tata Institute of Fundamental Research (TIFR) Balloon Facility
near Hyderabad, India on December 18, 1984. The balloon was at the float altitude from 08-50 to 16-30 hours, Indian
Standard Time (IST). (UT is 5.5 hours earlier than IST). Seven galactic X-ray sources were tracked with exposures ranging
from 20 minutes to 2 hours. The five sources, Sco X-l, Cyg X-1, GX 5-1, Cyg X-3 and GX 1+4 were observed. The results
are presented in this paper.

Four phoswich detectors with 3 mm Nal(T1) and 25 mm Csi(Na) crystal scintillators had a total effective area of 330
cm”. Each detector had a field of view of 5° x 5° FWHM defined by a brass collimator and was surrounded by a passive
graded shield of lead, tin, copper. Each phoswich was coupled to a 12.5 cm diameter photomultiplier tube. Pulse-height
and pulse-width for every detected event was telemetered in 128 channels each, along with photon arrival time, telescope
elevation and azimuth and house-keeping information (e.g. pressure, temperature, instrument voltages etc.) Particle and
gamma-ray (non X-ray) events were rejected by pulse-width discrimination. Event times were determined with a resolution
of 40 s. The rms accuracy of the pointing of the alt -azimuth mounted telescope was 0.35°. The telescope was pre-
programmed to track the X-ray sources in elevation and azimuth. Because of the low signal to background rates, roughly
equal times were spent on observing "source + background" and "background" in the same range of telescope elevation
and azimuth, fon, ptimum: determination of "signal". In-flight calibration was performed by exposing the detectors periodi-
cally to an Am radioactive source to monitor the stability of detectors and the associated electronics. The telemetry
rate was one frame of 32 eight-bit words every 5.12 ms (50 kbs). Details of detectors and instrumentation are given by
Damle et al. (1986).

Table | : Count Rate Summary

Source Sco X-1 Cyg X-1 GX 5-1 Cyg X-3 GX 1+4

Observation Time (s) 2310
,

625 2038 2429
'

5745

Energy Range (keV) 18-60
©

18-120 18-100 18-80 18-60

Count Rate, -] 8.74 (0.30) 2.6 (0.79), 4.01 (0.42) 2.54 (0.62) 1.05 (0.22)
(in 10 “em “ s-°)

‘2. OBSERVATIONS AND DATA ANALYSIS

Pulse-width discrimination eliminated nearly 85% of the events as non X-ray background. A summary of the count
rates obtained from the five sources after subtracting background ("source + background" - "background") is given in Table
1. The rates are corrected for dead time (10%). The numbers in parentheses are one sigma errors.

Source Spectra
2 -1The primary spectrum at the top of the atmosphere (in photons cm“ s kev!) for each source can be obtained

from the observed pulse-height distribution by (1) deconvolving the detector response function and (2) correcting fo.
atmospheric absorption. (The over-lying atmosphere in the direction of X-ray sources varied from 4.3! to 5.42 g cm‘).
However, the procedure is feasible only if a form of the primary spectrum is specified. Normally two types of primary
spectra are assumed : a power-law spectrum and thermal bremsstrahlung from an optically thin plasma. We have included
a third : a Comptonized black-body spectrum (Syunyaev and Titarchuk, 1980).

The primary photon spectrum is transformed into a pulse-height distribution at the appropriate atmospheric depth
taking into account the variation with energy of atmospheric absorption and the detector response function. The latter
included the experimentally determined detector (Gaussian) response and the effects of the escape of Iodine Ky, and Kp



a

X-rays from the phoswich detector for incident X-rays above the K-electron binding energy. For an assumed primary
spectrum, (in other words a given choice of parameters of the spectrum), we calculate the count rates in pulse-heightchannels corresponding to energy intervals 18-25, 25-40, 40-60, 60-80, 80-100 and 100-120 keV, for comparison with the
Observed count rates. A - test determines the best-fit parameters for the primary spectrum and the statistical errors.
Further details on the procedure can be found in Damle et al. (1987).

Ke

The best-fit model spectra for Sco X-1, GX 5-1 and Cyg X-1 are presented in Table 2. In Fig.l the spectra ofCyg X-4 (open circles) and GX 5-1 (filled circles) are shown and in Fig.2 the spectrum of Sco X-l.

Table 2 : Spectral parameters
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In the Comptonized black-body spectrum, Eo (=kTe) is the plasma electron tempera-ture and © the Thompson optical depth for electron scattering for spherical or disc
shaped plasmas. Because of low statistics, only total fluxes could be determined for
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Cyg X-3 : Flux (25-80 keV) = (8.67 + 2.33) 10°? ph/cm? s

GX 1+4 : Flux (18-60 keV) = (7.33 2.24) 10°? ph/em?s

Timing Analysis |

The timing analysis consisted of first converting the telemetry data to photon
arrival times and then of analyzing the arrival times. Fast Fourier transforms (FFT's)
were performed on the timing data to test for periodicities or QPO's. The epoch folding
technique was employed to search for periodicity when the period was known to be
restricted to a narrow range (e.g. for GX 1+4). A description of the FFT and epoch
folding methods can be found in Leahy et al. (1983). Units of power are normalized 10 1

5 oo 200in all calculations to be dimensionless and have the same scale as chi-squared. For 10 20 °
the observed sources the background signal is several times the source signal. This E (keV)
results in 90% confidence limits on amplitudes for periodic signals which are greater
than 0.20 when expressed as a fraction of source signal. Only for GX 1+4 was any Fig. 2
periodicity detected. For the other sources upper limits on the presence of periodicities were détermined. For GX 1+4
the epoch folding technique was applied to accurately determine the pulse period, and to produce a light curve.

Simulations were run to test that the FFT and epoch folding programs were performing correctly. Simulated photon
arrival times were created using a time bin of 4 x 10 ~s, count rate of [1.103 5 {typical of these observations), and
with

Pojsson-distributed time intervals. FFT's were
performed

on the simulated data with number of time bins in thg
range 2~ to 2°°. In all tested cases the power was i distributed (2 degrees of freedom). For example for the 2
bin FFT the expected number of frequencies with power greater than 25.0 is 15.5, the simulation had 14.

The 5.12 ms telemetry frame period causes a variable dead time, i.e., no events are recorded between the first
event to occur in a frame and the end of that frame. Due to the low count rates (of order 10 5 ), the deadtime does

X-ray Source Sco X-1 GX 5-1 Cyg X-1

Spectral Model Thermal Brems Power Law Comptonized black-body

in keV)

602 -E/Eo .: R(E) (ph/cm“s keV) fe. GIE) age Ax eX [Rodent ae

G(E) = 0.9/E y X=E/Eg, @ =f ¥42.25-1.5
Eo,

15 Y¥z _«=
0.37(30

K = 1681 (sphere), 420(disc

Best fit parameters
Constant A 15.9 0.51 3.09 x 1074

Temperature Ey 6.5 + 0.9 - 28 + 4

(keV)
Index J - 2.00 + 0.5] -

Optical depth © - - 6.0 (sphere), 2.7 (disc)

Total Flux (ph/cm?s) 0.165 + .006 (2.26 + 0.34)1072 (8.43 + 0.43) 107°

(Energy interval (18-40) (18-100) (18-120)

(C+
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not have a significant effect.
thus all results given here are limited to periods greater than 5.12 ms.

3

A 5.12 ms periodicity occurs in all data due to the method used in the initial analysis,
A reanalysis in progress will correct this. The

results of this new analysis will be valid up to the full time resolution of the data of 0.04 milliseconds.

FFT's were performed on continuous spans of on-source data and in addition to spans of off-source data. In Table
3 are given the longest continuous data spans for each source together with the energy range corresponding to the pulse
height channels chosen for analysis, the total number of events in each data span, and the start and stop times in IST.

Table 3 : Data Sets for FFT Analysis

Source Range (keV) START STOP

Sco X-1 18-40 18226 09:42:25 10:19:00
Cyg X-1 18-120 17330 15:08:29 15:18:00
Cyg X-3 18-80 7768 15:32:00 15:43:39
GX 5-1 18-100 30568 13:37:30 14:01:32

GX 1+4 18-60 24415 11:34:00 12:11:00

The resulting limits on the amplitude of any periodic signal are summarized in Table 4.
for the FFT, the maximum frequency and the 90% confidence limits on amplitude are given.
detected, nor were any QPO's seen in any of these sources.

Table 4 : FFT Limits on Periodicities

The number of bins used
No periodicities were

This however does not conflict with the results obtained
at lower energies since the amplitude limits obtained here are large (greater than 20%)

X-ray No. of bins Maximum Amplitude fractionSource frequency (90% confidence limit)
of Total Flux of Source Flux

Sco X-l 213 1.9515 0.052 0.20
2 100.00 0.097 0.37
13 (53x40.96s ffts)

2 1000.0 0.189 0.72
(532x4.096s ffts)

Cyg X-l 2!6 57.437 0.059 0.30

Cyg X-3 2/3 5.8598 0.078 0.20

GX 5-1 2!6 22.724 0.044 0.84

GX L+4 2i6 14.76 0.05 1.80

For GX 1+4, the 90% confidence limit amplitude as fraction of source flux exceeds 1.0 indicating that FFT is of
no avail to detect any period in the source.

Epoch folding was done on all the data on GX [+4 (5340 s
40 periods between 94.2 and 98.2 s and for 40 periods betwe
was found for the period of 96.2 s. A fit of theoretical
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best-fit period 95.9 (0.12) s and amplitude a=0.015(0.0025), where the 90% error is given in brackets. A maximum
of 14.33 was found for the period of 191.7 s. A fit of theoretical vs. period to the observed relation gave a best-fit
Period 191.7 (0.7)s and amplitude 420.010 (0.004). The light curves ‘at 95.9 s and 191.7 5 are plotted in Fig. 3, 4 with+10 errors plotted as small circles. We cannot determine whether the shorter or longer period is the neutron star rotation
period, however the shorter (96 s) period has greater statistical significance.
3, DISCUSSION AND CONCLUSIONS

Sco X-1 and Cyg X-1 are known to be highly variable in low energy as well as high energy X-rays. The measured
temperature of the optically thin plasma of Sco X-1 (E. = kT= 6.5 + 0.9 keV) is within the range of variability seen (Soongand Rothschild, 1983). Cyg X-1 shows a complex time variability, and at least two modes, called the high and low state
(see E.P. Liang and P.L. Nolan, 1984 for a recent review). As noted in several earlier observations, the spectrum beginsto steepen (from a power-law spectrum) in 50-100 keV (Fig.l). Steinle et al (1982) have hard X-ray balloon data of highStatistical accuracy from Cyg X-1 (Sep 24. 1977) when it was in a low state. Their results are best fit by a Comptonized
black-body spectrum with A = 7.4 x 10°", E. = 29.2 keV and @-= 5.1 (sphere). Comparing with our model parameters(Table 2) we note that while the temperature and Thompson optical depths are comparable in the two spectra, the absolute
flux in the present experiment (1984) is about 0.4 times the 1977 fluxes. Further, our results (Fig.1) seem to indicate
a decline in flux above 100 keV steeper than the best-fit Comptonized spectrum.

The X-ray binary pulsar GX 1+4, is one of the brightest known hard X-ray sources, but was in a low state. The last
reported pulsar period measurements were in 1979 and based on the period history in 1974-79, Elsner et al (1985) deduced
a period derivative P = -2.681 + 0.096 s/y. The present period (95.9 s) nearly six years after the last measurement givesa P =-2.939 + .022 s/y. The observed amplitude indicates that nearly 50% of X-rays from GX 1+4 in 18-60 keV are pulsed.
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ABSTRACT

A high energy X-ray astronomy payload with phoswich scintillation detectors was flown from
Hyderabad, India on December 18, 1984. Five galactic X-ray sources, Sco X-l, Cyg X-l,
GX 5-1, Cyg X-3 and GX 1+4 were observed. The timing data, with a high time resolution of
40 us, were analysed for periodicities and quasi-periodic oscillations (QPO's). GX 1+4 was
in a low luminosity state and showed pulsations with a period of 95.9 s. Its period
derivative was calculated. Sco X-1 was found not to exhibit QPO's in 18-40 keV X-rays with a
90Z confidence limit of 0.20 on amplitude. Spectra are presented for Sco X-1, Cyg X-1 and
GX 5-1.

INTRODUCTION

An X-ray astronomy telescope was launched from the Tata Institute of Fundamental Research
(TIFR) Balloon Facility near Hyderabad, India on December 18, 1984. The balloon was at
the float altitude from 08:50 to 16:30 hours, Indian Standard Time (IST). (UT is 5.5 hours
earlier than IST). Seven galactic X-ray sources were tracked with exposures ranging from 20
minutes to 2 hours. The five sources, Sco X-l, Cyg X-1, GX 5-1, Cyg X-3 and GX 144 were
observed. The results are presented in this paper.

Four phoswich detectors with 3,mm NaI(Tl) and 25 mm CsI(Na) crystal scintillators had a
total effective area of 330 cm’. Each detector had a field of view of 5° x 5° FWHM defined
by a brass collimator and was surrounded by a passive graded shield of lead, tin, copper.
Each phoswich was coupled to a 12.5 cm diameter photomultiplier tube. Pulse-height and
pulse-width for every detected event was telemetered in 128 channels each, along with photon
arrival time, telescope elevation and azimuth and house-keeping information (e.g. pressure,
temperature, instrument voltages, etc.). Particle and gamma-ray (non X-ray) events were

rejected by pulse-width discrimination. Event times were determined with a resolution of
40 us. The rms accuracy of the pointing of the alt-azimuth mounted telescope was 0.35°. The
telescope was preprogrammed to track the X-ray sources in elevation and azimuth. Because of
the low signal to background rates, roughly equal times were spent on observing “source +
background" and "background" in the same range of telescope elevation and azimuth, for
optimum determination of “signah’ In-flight calibration was performed by exposing the
detectors periodically to an Am radioactive source to monitor the stability of detectors
and the associated electronics. The telemetry rate was one frame of 32 eight-bit words every
5.12 ms (50 kbs). Details of detectors and instrumentation are given in /1l/.

TABLE 1 Count Rate Summary

Source Sco X-1 Cyg X-1 GX 5-1 Cyg X-3 GX 144

Observation Time (s) 2310 625 2038 2429 5745

Energy Range (keV) 18-60 18-120 18-100 18-80 18-60

Count Rate_, -1(in 10 “cm “s °) 8.74 (0.30) 24.6 (0.79) 4.01 (0.42) 2.54 (0.62) 1.05 (0.22)

(2)415
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OBSERVATIONS AND DATA ANALYSIS

Pulse-width discrimination eliminated nearly 85% of the events as non X-ray background. A
summary of the count rates obtained from the five sources after subtracting background("source + background" - "background") is given in Table 1. The rates are corrected fordead-time (10%). The numbers in parentheses are one sigma errors.

Source Spectra

The primary spectrum at the top of the atmosphere (in photons em ?s~ key) for each
source can be obtained from the observed pulse-height distribution by (1) deconvolving thedetector response function and (2) correcting for atmospheric absorption. _fThe over-lying
atmosphere in the direction of X-ray sources varied from 4.31 to 5.42 gcm -). However,the precedure is feasible only if a form of the primary spectrum is specified. Normallytwo types of primary spectra are assumed; a power-law spectrum and thermal bremsstrahlungfrom an optically thin plasma. We have included a third: a Comptonized black~body
spectrum /2/.

The primary photon spectrum is transformed into a pulse-height distribution at the
appropriate atmospheric depth taking into account the variation with energy of atmospheric
absorption and the detector response function. The latter included the experimentallydetermined detector (Gaussian) response and the effects of the escape of Iodine Ky and KgX-rays from the phoswich detector for incident X-rays above the K-electron binding energy.For an assumed primary spectrum, (in other words a given choice of parameters of the
spectrum), we calculate the count rates in pulse-height channels corresponding to energyintervals 18-25, 25-40, 40560, 60-80, 80-100 and 100-120 keV, for comparison with the
observed count rates. A y determines the best-fit parameters for the primary
spectrum and the statistical errors. Further details of the procedure can be found in /3/.
The best-fit model spectra for Sco X~l, GX 5-1, and Cyg X-l are presented in Table 2. In
Fig. 1 the spectra of Cyg X-1 (open circles) and GX 5-1 (filled circles) are shown and in
Fig. 2 the spectrum of Sco X-1l.

TABLE 2 Spectral Parameters

In the Comptonized black-body spectrum, Eo (=kTe) is the plasma electron temperature and
1 the Thompson optical depth for electron scattering for spherical or disc shaped plasmas.
Because of low statistics, only total fluxes could be determined for Cyg X-3 and GX 144.

X-ray Source: Sco X-1 GX 5-1 Cyg X-1

Spectral Model: Thermal Brems

~-E/Eo

Power Law Comptonized black-body

F(E) (ph/em*s kev): |} ae or) AE Y ax eX] tHE tet ae
E °

a = =afy+2.25-1,G(E) = 0.9(£]
x E/E)» a y+2.25-1.5

0.3720) y=
Eo E,(1+2/3)

K = 1681 (sphere), 420 (disc)
Best fit parameters

Constant A: 15.9 0.51 3.09 x 10-7

Temperature E, (keV): 6.5 + 0.9 - 28 +4

Index: y - 2.00 + 0.51 -

Optical depth: + - - 6.0 (sphere), 2.7 (disc)

2 ~2 -2Total Flux (ph/cm's): 0.165 + .006 (2.26 + 0.34)10 (8.43 + 0.43) 10

Energy interval 18-40 18-100 18-120
in keV:

G
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3 2
3

8ph/cm,Cyg X-3: Flux (25-80 keV) = (8.67 * 2.33) 10—

ph/cm's
+

GX 144: Flux (18-60 keV) = (7.33 + 2.24) 10°

Timing Analysis

The timing analysis consisted of first converting the telemetry data to photon arrival
times and then of analyzing the arrival times. Fast Fourier transforms (FFT's) were

performed on the timing data to test for periodicities or QPO's. The epoch folding
technique was employed to search for periodicity when the period was known to be
restricted to a narrow range (e.g. for GX 144). A description of the FFT and epoch folding
methods can be found in /4/. Units of power are normalized in all calculations to be
dimensionless and have the same scale as chi-squared. For the observed sources the
background signal is several times the source signal. This results in 90% confidence limits
on amplitudes for periodic signals which are greater than 0.20 when expressed as a fraction
of source signal. Only for GX 1+4 was any periodicity detected. For the other sources upper
limits on the presence of periodicities were determined. For GX 1+4 the epoch folding
technique was applied to accurately determine the pulse period, and to produce a light curve.

Simulations were run to test that the FFT and epoch folding programmes were performing
correctly. Simulated photon arrival times were created using a time bin of 4 x 10 ‘s,
count rate of 11.103 s (typical of these observations), and with Poisson-distributed
time intervals. F 3's were performed on the simulated datg with number of time bins in
the range 27> to 2°>~. In all tegted cases the power was x distributed (2 degrees of
freedom). For example for the 2 bin FFT the expected number of frequencies with power
greater than 25.0 is 15.5, the simulation had 14.

The 5.12 ms telemetry frame period causes a variable dead time, i.e., no events are
recorded between the first event to occur in a frame and the end of that frame. Due to the
low count rates (of order 10s -), the deadtime does not have a significant effect. A 5.12 ms

periodicity occurs in all data due to the method used in the initial analysis, thus all
results given here are limited to periods greater than 5.12 ms. A reanalysis in progress
will correct this. The results of this new analysis will be valid up to the full time
resolution of the data of 0.04 milliseconds.

FFT's were performed on continuous spans of on-source data and in addition to spans of
off-source data. In Table 3 are given the longest continuous data spans for each source
together with the energy range corresponding to the pulse height channels chosen for
analysis, the total number of events in each data span, and the start and stop times in
IST.

TABLE 3 Data Sets for FFT Analysis

X-ray Energy No. of events Time span (IST)
Source Range (keV) START STOP

Sco X-l 18-40 18226 09:42:25 10:19:00
Cyg X-1 18-120 17330 15:08:29 15:18:00
Cyg X-3 18-80 7768 15:32:00 15:43:39
GX 5-1 18-100 30568 13:37:30 16:01:32
GX 1+4 18-60 24415 11:34:00 12:11:00

The resulting limits on the amplitude of any periodic signal are summarized in Table 4,
The number of bins used for the FFT, the maximum frequency and the 90% confidence limits
on amplitude are given. No periodicities were detected, nor were any QPO’s seen in any of
these sources. This however does not conflict with the results obtained at lower energies
since the amplitude limits obtained here are large (greater than 202).



(2)418 S. V. Damle et al.

TABLE 4 FFT Limits on Periodicities

Amplitude Function
X-ray No. of bins Maximum (90% confidence limit)
Source Frequency of Total Flux of Source Flux

Sco X-1 a3 1.866 0.052 0.20
2 100.00 0.097 0.37
3 (53 x 40.968 ffts)

2 1000.0 0.189 0.72
(532 x 4.0968 ffts)

cyg X-1 216 57.437 0.059 0.30

cyg X-3 213 5.860 0.078 0.20

GX 5+1 216 22.724 0.044 0.84

GX 144 2hé 14.76 0.050 1.80

For GX 1+4, the 90Z confidence limit amplitude as fraction of source flux exceeds 1.0
indicating that FFI is of no avail to detect any period in the source.

q
Epoch folding was done on all the data on GX 144 (5340s of "on source” time between 10:37
and 13:37 I§T) for 40 periods between 94.2 and 98.2s and for 40 periods between 186 and 198s.
A,maximum x of 16.03 (for 8 bins) was found for the period of 96.28. A fit of theoretical
x” vs. period to the observed relation /5/ gave a best-fit period 95.9 (0,12)s and amplitude
&@ = 0.015(0.0025), where the 90% error is given ip brackets. A maximum xX of 14.33 was found
for the period of 191.7s. A fit of theoretical x vs. period to the observed relation gave a
best-fit period 191.7 (0.7)s and amplitude a = 0.010(0.004). The light curve at 95.9s and
191.7s are plotted in Fig. 3, 4 with +tlo errors plotted as small circles. We cannot
determine whether the shorter or longer period is the neutron star rotation period, however
the shorter (96s) period has greater statistical significance.

DISCUSSION AND CONCLUSIONS

Sco X-1 and Cyg X-1 are known to be highly variable in low energy as well as high energy
X-rays. The measured temperature and the optically thin plasma of Sco X-1l
(E_ = kT = 6.5 + 0.9 keV) is within the range of variability seen /6/. Cyg X-1 shows a
complex time variability, and at least two modes, called the high and low state (see e.g.
/7/). As noted in several earlier observations, the spectrum begins to steepen (from a
power-law spectrum) in 50-100 keV (Fig. 1}. Steinle et al /8/ have hard X-ray balloon data
of high statistical accuracy from Cyg X-1 (Sept. 21, 1977) when it was in a_jow state. Their
results are best fit by a Comptonized black-body spectrum with A= 7.4 x 10 °, E| = 29,2 keV
and t= 5,1 (sphere). Comparing with our model parameters (Table 2) we note tha? while the
temperature and Thompson optical depths are comparable in the two spectra, the absolute flux
in the present experiment (1984) is about 0.4 times the 1977 fluxes. Further, our results
(Fig. 1) seem to indicate a decline in flux above 100 keV steeper than the best-fit ¢
Comptonized spectrum.

The X-ray binary pulsar GX 1+4, is one of the brightest known hard X-ray sources, but was
in a low state. The last reported pulsar period measurements were in 1979 and based on
the period history in 1974-79, Elsner et al /9/ deduced a period derivative
P = -2.681 + 0.096 s/y. The present period (95.9s) nearly six years after the last
Measurement gives a P = -2.919 + .022 s/y. The observed amplitude indicates that nearly 502
of X-rays from GX 1+4 in 18-60 keV are pulsed.
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ABSTRACT

A large area (400 cm®) low background X-ray telescope consisting of four collimated Nal/Csl
scintillator phoswich detectors (each 100 cm®) was built and successfully flown several times
during 198-84. The phoswich configuration enables one to eliminate X-ray background produced
by high energy atmospheric and cosmic gamma-rays. Combined with large area, small field of
view ( 5° x 5°) and large exposure time that was possible due to an on-board telescope pointing
programmer, for the 0 - 124 Kev energy range, 3 ovsensitivity achieved was 5 x 10 photon/cm
sec Kev for exposure time of 10 sec at observational altitude of 4 g/cm. The Instrument
characteristics, relevant details on pointing system, detector system, associated electronics and
telemetry and in-flight performance in 1983 and 1984 are presented.

INTRODUCTION

From the UHURU to the Einstein observatory, low energy X-ray astronomy (< 2% KeV) has made
great progress; and particularly after the high sensitivity and imaging capability of the latter,
soft X-ray astronomy has become fairly competitive to optical and radio astronomies. Such a
spectacular growth has not taken place in the hard X-ray (0 - 1H KeV) astronomy, primarily
due to intrisic low fluxes involved at these energies and the low sensitivity of the instruments
launched thus far on satellites. However, available results ( e.g. Cyclotron line at about 0 KeV
from Her X-1, energy spectra of QSO's and Seyfert galaxies at > 2 KeV energies) suggest that
a wide variety of astrophysical phenomena can best be understood with high sensitivity observations
in hard X-rays. This has motivated us in developing a large area low background Nal/CsI phoswichsscintillator detector system for a balloon borne X-ray telescope - TICAL with a possibility, albeit
distant, of flying similar system on an Indian satellite. This paper describes the salient features
of this telescope and its performance in the balloon flights carried out from Hyderabad (Rigiditycut-off. R ~ 16.8 GV)

THE X-RAY TELESCOPE - TICAL

In a background limited detector system it is well-known that, the minimum detectable flux,
Fmin, at 3 6~ sensitivity is given by Finm = 3/y € B -/a-T-48)"~ph/cm*® sec KeV, where % is the
efficiency of detection, B is the background in ph/cm*sec KeV; A is the area of the detector
in cm?; T is the exposure time in seconds and AE is the energy band width in Kev. Therefore,
to improve the sensitivity, it is necessary to decrease B, and increase both A and T.

The X-ray telescope - TICAL, consists of four Nal/Csl phoswich scintillator (each 100 cm®™)
collimated to 5° x 5° and mounted on an altazimuth programmeable orientation platform with
celestial source tracking capability. We briefly describe below, various sub-systems of the TICAL
telescope.

The Nal/CsI Phoswich Detector System

Through various early studies /1, 2, 3, 4, 5, 6 / with Nal (TI) scintillator hard (@ - 10 Kev) X-ray
telescopes flown on balloon flights,it has been established that the main source of background
is from the Compton interactions of higher energy photons in the thin scintillation detector,

producing an energy loss (due to scattered electron) in the relevant X-ray energy band ( @ - 1D KeV)
To reduce this background, two approaches have been followed by various investigators (a) a back to
back version of thin Nal(T1) main detector and thick NakK(Tl) anti-coincidence detector each seen by
different photomultipliers (PMs) /7/ and (b) a composite phoswich scintillator with Nal(Tl) and

CsI(Tl) or Csl(Na) as anti-coincidence detector, viewed together by the same PM tube /8, 9/. As

(7)115
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Nal(Tl) and CsI(T1) or CsI(Na) scintillations have different fluroescent decay constants, a pulse shapediscrimination (PSD) technique allows selection of X-ray events only from the main thin Nal(T1)
X-ray detector. We have used a 3 mm thick Nal(Tl) and 25 mm thick CsI(Na) phoswich scintillator

system, 125 mm in diameter viewed by an EMI 9530 PM tube as the basic X-ray detector. The
fluorescent decay time constant of 0.23 pesec for Nak(Tl) and 9.63 fasec for CsI(Na) are sufficientlydifferent to separate the events originating in the two scintillators.

Fig 1. shows one of the four similar Nal(Tl)/CsI(Na)
phoswich scintillator detector PM tube assembly
with 5° x 5° square collimator enclosed inside a
graded shield (3 mm lead, 3 mm tin and 1 mm

copper) and the Pulse Shape Discrimination (PSD)
circuit scheme. The effective area of the detector
is 100 cm; and four detectors together provide
a total detector area of 400 cm>.

shield of lead,
Tinend copper.

it copper equereIn the phoswich detector, three types of events are meier
seen: (1) Nal(Tl) only - these are mainly due to X-ray
events (2) CsI(Na) only - these are due to back-
ground photons from backward direction and from
the sides; (3) Nal(Tl) (+) CsI(Na) events - these are
mainly due to Compton scattered events in the
Nal(Tl). We accept only those events which show
energy loss in the range 18 - 10 KeV (pulse height
- PH) in the detector assembly. Further, to select
only type | Nal(T!) events, we subject the PH
selected events for a pulse shape (PS) analysis.
This is achieved by using a new pulse shape
discrimination circuit (PSD) circuit specifically
developed for this experiment /10/. The principle
of the PSD scheme which separates events of type
1 from type 2 and 3 is based on the comparison
of the peak of anode pulse with a fixed proportion
of its own peak amplitude. The PSD circuit
generates a gate whose width is proportional to the
decay time of the anode pulse i.e. pulse shape (PS).
The PS and PH information for each selected
event is digitised by using an onboard 127 channel
analyser and fed to the telemetry encoder, along
with the event time information (accurate to
4) je sec).

ot mel (1)
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A well-collimated Am #t radioactive source
mounted above the collimator and preprogrammed to
periodically shine over each detector for 2 seconds Fig 1. Nal(Tl)/Csl(Na) Phoswich Detector
in a specific sequence, provides in-flight calibration and Photomultiplier Assembly with
for PH and PS for each detector. A cradle structure, Collimator (5° x 5°) And Graded Shield
free to rotate in a preprogrammed mode on its Assembly.
horizontal axis (Elevation axis) houses the entire
detector assembly.

The Pointing System, Electronics and Telemetry

The X-ray telescope is an alta-azimuth mounted system and has a programmed control for pointing
in azimuth and elevation; it is schematically shown in Fig 2. An integrated assembly of detectors
and electronic hardware is mounted on a servo-controlled main azimuth platform. The azimuth
pointing employs a null-seeking servo system in which a reaction wheel control is used and the flux
gate magnetometer (FGM), M1 provides position sensing in the azimuth. Any deviation from the null
(East-West direction) due to balloon perturbations, provides an output from Ml through servo amplifier
to the torque motor, to regain the null position. The capability to track in the azimuth and
elevation is achieved by following scheme. M1 is mounted on a turn-table driven by a stepper
motor; a shaft encoder (SE!) provides instantenous position of Ml and hence the telescope azimuth. A
geared servo motor provides a controlled drive for the elevation axis coupled to a shaft encoder (SE2)
which provides the instantenous elevation aspect. An additional azimuth aspect is provided by a
set of crossed FGM's M2 and M3. Thus SEI and SE2 together withn M2 and M3 provide complete
aspect information for the X-ray telescope. The entire system is calibrated on ground with respect to
the star Polaris. The rms pointing accuracy achieved is 0.35 degrees in azimuth and elevation.
During a balloon flight, the elevation control motor and the stepper motor of the turntable with
MI could be driven through remote control or through commands generated by an onboard position
control programmer (PCP). This scheme facilitates a programmed observation of celestial X-ray
sources and corresponding background by tracking in azimuth and elevation during a balloon flight.
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The basic data comprising: (1) PH, PS and X-ray event time from each of the four detectors;
(2) telescope aspect information from SE1, SE2, Ml and M3; and (3) House keeping information,
is fed to a PCM encoder which formats the data in a 32 word (one word = 8 bits) frame (128 frame
= | sub-frame) and outputs a serial bi-phase pulse train which is transmitted to the ground station
through a D khits/sec PCM / FSk telemetry link. The telemetry / telecommand ground station
provides an on-line decoded data display which facilitates an interactive control of the X-ray
telescope through telecommand up link.

THE PERFORMANCE OF THE TICAL X-RAY TELESCOPE IN A BALLOON
FLIGHT

The TICAL telescope has been flown on balloon flights on three occassions : October 3, 198;
December 12, 1983 and December 18, 1984. All the major sub-systems of the telescope --- the
DD k bits/sec PCM / FSK telemetry system, the programmeable pointing system of the telescope
and the PSD system of the phoswich detector, worked well in all the flights. As an illustration,
based on data from December 1984 flight, we show in fig 3a and 3b the PS distribution for the
background events and for the © KeV X-rays from the calibration source Am=*! respectively.
It is observed that a clear-cut separation between the Nal(Tl) "X-ray" events and the Csl(Na)
"background" events is achieved through our PSD system.

TABLE 1. A comparison of the observed X-ray background at balloon altitudes
with different X-ray telescopes, using Nal/CsI phoswich detectors (or Nal(TI)/
Nal(Tl) back to back version) with active shield.

Sr. No. Group The Detector System Energy Range Background Reference
(KeV) cts / cm*sec KeV

1, UucSD NakT!) / Csi(TI) 15 - 100 3.5 x io /8/

2. NRL Nak(T!) / CsI(Na) % - 100 25x107 /7/

3. MPI/ATI Nak(Tl) / CsK(TI) 4.8 x io * /\l/
4. MPI/ATL. —Nal(T) / Csi(T1) D -1D 3.3 x 10”* /12/

3. ITSRE Nal(Ti) / CslI{Na) 2D - 10 2.5 x io /13/

6. MIFRASO Nal(Tl) / Nal(T) 09 6.5 x lo * /14/
back to back version (in DM - 1H Kev

energy range)

7. TIFR, Nal(Tl) / CsI(Na) 18-10 5x i *
present

Bombay work

The in-flight calibration source Am®! enables a periodic check on the energy scale and resolution of
the detector system. Our detectors have been observed to maintain energy resolution of 22% to 25%
FWHM at @ KeV throught the flight, with 5% change in the peak of the PH distribution.

For further analysis, we generate a two dimensiona! matrix of PS vs PH for six different energy
intervals in the 18 - 14 KeV energy range; this provides a good handle to take into account a possible
slight energy dependence and temperature dependence of the PS distribution. We study PS distribution
(Fig 3) and establish PSD level, alternately called PS cuts, for each of the six energy bands. This
enables us to accept only the genuine Nal(Tl) "X-ray" events and reject all the Compton inetraction
origin and other background events. The integral genuine X-ray background (B) in the 18 - 10 KeV
energy band has been observed to be 5 x 107 photon/cm 7 sec KeV at the float altitude of 4 g/cm”,

In Table 1 we summarize a representative sample of the background data from the balloon
observations of the other similar instruments, most of which have an active anti-coincidence shields.
It is seen that our detector system with passive collimator and graded shield gives a comparable
background performance. However, due to different configurations of X-ray instruments, local effects
on background cannot be ruled out and therefore the comparison of background data are merely
indicative of attainable background levels. Our December 1983 and December 1984 flight data show
comparable background counting rates, thus confirming the genuine nature of the stable background of
our instrument. Assuming a background limited celestial X-ray source detection, we calculate the
30° sensitivity of the X-ray telescope for the area A = 400 cm*™ of our system and typical exposure
time T = 10#

—
sec equal for source and background. In fig. 4 we show the 3e sensitivity at float

altitude (4 g/cm )3 and the one referred to the float altitude ¢ 9 g/cm*) and the differential
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X-ray spectra of some of the Cosmic X-ray sources. It is observed that the sensitivity of our
instrument is designed well enough to study weak X-ray sources, and thus observation of AGN's
amongst others is achievable. In fact, this capability of the telescope has enabled us to observe the
nearby quasar 3C273 in December 1983 balloon flight /15/.
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Abstract

In this paper we present the status of the search for monopoleSignals as well as the Kolar events with the deep underground
experiments being conducted in the Kolar gold mines. The proton
decay detectors at the depths of 2 and 2.3 km have dE/dX as well as
time of flight capabilities. In view of the absence of candidate
events we could set an upper limit to the flux of monopoles as
4 x 10715/cm?.sec.st. Two examples of Kolar events are presentedhere; these are indicative of the production of hitherto unknown
particles of mass >2 GeV and life time 10-9 - 1078 sec in processesakin to neutrino interactions.

1. Introduction. The KGF experiment consists of two detectors
(Phase I & II) at the depths of 7000 and 6045 hg/cm?. They are
designed primarily as fine-grain calorimeters to search for proton
decay signals. A detailed description of the detectors, the
trigger features etc. was given earlier /1/. Briefly, they
comparise horizontal layers of proportional counters (filled with
P10 gas) and arranged in an orthogonal array. The individual.
counters are formed from 2.3 mm thick iron tubes and they account
for a substantial portion of the weight of the detector; the
horizontal layers are interspersed with thin iron plates to provideadditional absorber. Various features of these detectors are givenin Table 1. The primary trigger is obtained from a coincidence
pulse in at least 5 out of 11 consecutive layers; large angle...events are selected by a special 2-fold coincidence trigger. To
search for monopoles, the coincidence window is expanded to 7 and
18 uw sec with a minimum number of layers of 7 and 8 respectivelyfor Phase I and II detectors.

A new design feature of the Phase II detector is the outer
jacket separated from the main array by 1-1.5 m to enhance the
fiducial weight for nucleon decay events as well as to examine the
Kolar-type events in greater detail. The jacket is, at present, on
three sides only and comprises two walls of counters

and two 1"
thick absorbers per side. *

Each counter is instrumented
|

to record the ionisation as well
as the time of arrival information with resolution as given in
Table 1. The ionisation data is obtained in terms of the number of
minimum ionising particles traversing a counter in the vertical
direction. As the detectors are operated deep underground, the
event rate is very small and a major fraction of them are due to
atmospheric muons; events with zenith angles 260° are primarily due
to neutrino interactions in the rock giving rise to muons. In
addition to these, there are events due to v-interaction inside the

~@ @etector itself which constitute the main background for nucleon
decay candidates.
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“. Table 1

Experimental. details.Pare _Phase I Phase II

Depth 2.3 km (7000 hg/cm?) 2.0 km (6045 hg/cm?2)Size Oo 6M K-4m x 3.6m
6m

xX 6m x 6.5m
# layers (counters).~- (1594) 60 (3836)
Absorber (Fe) /layer 12mm 6mm
Total (Fid.) weight 140 (60) tons 350 (150) tons
Threshold Tain 1/4 Inin
Timing resolution . °. 500 nsec 200 nsec
Mean density (gm/cm3) "".. 1.7 1.1 .

SQ for > 1.5m path 270 m? st. 570 m? st.
for isotropic radiation
Live time (Years) 5.14 1.1
# atmospheric muons 3710 3666
# y-induced events 88 44

from rock
#confined events 26 8

ow”

2. Massive monopoles. Two methods were employed to search for
GUT monopoles in the detector: (i) Ionisation and (ii) time of
flight.

(i) Ionisation: In this method advantage is taken of the
measurement of the energy loss over a large dynamic range of pulse
height and many samplings along the length of a track. The search

was confined to tracks with
path length >1.5m to have
at least 12 samplings and for
particles with mean ionisation
>2.5 Injn SO as to suppress
effects of the tail of the
Single particle distribution
and eliminate 2 2 closely spaced
parallel muons, from the
sample. The cut on ionisation
restricts the monopole search
to velocities > 1.4 x 1073c
A statistical analysis of the
data for uniform ionisation at
any value >2.5 I... within the
resolution (o = 0.25/YNeg,

Fig. 1. A plot of I/I,;, against
lowest possible 4 obtained through a
=? test. The events shown have high
ionisation inconsistent with their
low velocity. However, all these
events are showers and have non-
uniform ionisation.

Neg. = T/Imin) has failed to identify even a single candidate.
‘fombining the exposures of the two detectors, the upper limit on
the flux of monopoles at 90% ‘confidence level is 2.3/6.0 x 10"=
3.9 x 107'%cm2.sec.st.

AND ERREGULAR=I/Tyan

ALL THESE EVENTS
SHOWER EVENTS WITH
SMALL NO.OFCHANNELS
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(ii) Time of flight method: Both the detectors are sensitive
to slow_moving monopoles in the velocity region 7.5 x 1o074c -
5 x 1073¢€, the lower value arising from. the trigger threshold and
the upper from the timing resolution. For the Phase II detector,
however, the upper cut-off is 1.2 x 10-%c due to 200 nsec resolu-
tion of its timing circuits. All events with pathlength > 1.5 m
were searched for slow moving monopoles by analysing the timing
data in terms of minimum velocity to which they can be fitted,
consistent with the resolution function. All the events have
velocities > 5 x 1073 C and only a few of them can be fitted to
velocity < 1.2 x 1o72 ¢c (Fig. 1). The later sample was examined in
detail and was found to comprise events of non-uniform shower
profile, inconsistent with the expected character of a monopole
Signal. The upper limit to the flux,of monopoles at 90% C.L is
then 2.3/5.6 x 1014 = 4.1 x 10-15/cmvsec.st. for 7.5 x 1074 <g<
5 x 107°.

3. Kolar events. We have recorded a special event (Fig. 2) in
Phase II detector with the following general features. There are
two sets of tracks in the event of which one is a penetrating track
"A' and the other a shower 'B'; the meeting point 'P' of these
tracks is outside the detector (in air), 30 cm away from the side
of the detector in the airgap and % 7 m away from the rockwall in
the direction of the event. The uncertainties due to the shower
pattern can bring the vertex nearer to the detector by ¢ 10 cm but
still clearly in the air. Yet another event recorded in Phase I
unit has the same general features but its vertex could have been
either in air or rockwall (Fig. 3). The characteristic features of
these two eventS are summarised in Table 2.
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Fig. 2. The two orthogonal views of Kolar Event 1 recorded at the depth of
2000 m in Phase II detector. Track A is a penetrating muon with a zenith
angle of 85° and track B is a fully absorbed shower at a mean zenith angle of
53°. The meeting point P of these two tracks is about 30 cm away from the
detector and \¥ 7 m away from the nearest rock wall.



Fig. 3. A sketch of
Kolar Event 2 recorded
in Phase I detector at
the depth of 2300 m.
Track A has a zenith
angle of 62° (upward)
and track B, a shower,
has a zenith angle of
51° (downward). The
vertex P of these two
tracks could be in air
or inside rock with
equal probability due
to the uncertainty in
the angle of the shower
B.

6M VIEW

A —L LAYERNO
TEp TTT TTT rie TET TTT TTT

IT iiiity) 32

DOCU TT AT 3»
TUtiT Ti tt COUTTS ime TTT 28

TTT TI} 26

24
2z

PEDO 20

8
I Tm at root t TI L I

TTT TILL T
I “4

Ti TTT Tia ty tt TUT 12

TT TTT T

I TIt 10

Hoo it tT I 8

ae TTT? TUTTE CE TT TTT 6

COTTE TTT tt TTT TIT tri
SLETT TTT 2

4M VIEW

Table 2

Event 1 Event 2

Detector Phase II Phase I
Depth 2.0 km 2.3 km
Vertex in air in air or rock
Opening angle 32 + 59 69 + 5°
E . >1.3 Gev >0.45 GeVpenetrating track 5

°

(Range 900 gm/cm?)
>2.6 GeV >2.5 GeVE shower

The opening angles of the two tracks from the reconstructed
vertex is large in both these events. Also since the ionisation
is recorded for each channel, the energy of the showers is
estimated by the track length integral method from the ionisation
data. For.the energy of the penetrating tracks however, we have
set lower limits by the range-energy method assuming the particle
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to be a muon. It should be pointed out that in both these events,
the mean incidentdirection js near horizontal and the total
visible energy” is “3-4 GeV.

We consider.‘these two. events as belonging to a special class
called ‘Kolar Events' Ordinary backgrounds like bremmstrahlung
of a muon or the’ decay: of Kf.-®roduced in muon or neutrino inter-
actions ruled out. because of (1) the large opening angle of
the tracks at the vertex and (ii) the minimum energy (2.5 GeV) of
the shower. The fact that the vertex is in air (event 1) and the
large opening angle (>32°) indicates that a decay of a particle of
mass > 2 GeV/c? is involved here. Further, since at least in the
case of event 1, the vertex is 2 7 m away from rock a lifetime of
10-9 to 10-8 sec. is indicated if we assume that the present
particle was produced in the fringes of the rockwall.

4. Conclusions. The two nucleon decay detectors Phase I and
Phase II have not so far recorded any possible massive monopole
candidate; this indicates an upper limit of their Flux of 4.1 x
107-15/cm2.sec.st. in the velocity region 7.5 x 1074 <8<1. A
19-layer detector of 36 m? area is under construction by the side
of Phase II detector. The 8 middle layers of this new unit will
have counters filled with 83% He + 17% CHg mixture to reduce the
velocity threshold down to 3 x 10746 using Drell mechanism.

Two examples of 'Kolar Events' have been recorded, one in each
detector, indicating the decay of hitherto unknown particle of
mass > 2 GeV/c? and lifetime of 1079 - 1078 sec. We need more
events of this type especially in fine-grain detectors to pin pointtheir nature and origin more clearly.
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Summary. PSR 0833-45 was observed by us on several occasions
over a time span of S5yr using the wellknown atmospheric
Cerenkov technique. All the available observations with absolute
phase information constitute 3 independent data-sets with slightly
differing gamma ray energy thresholds in the range 5 to 10 TeV.
These data-sets are separately analysed and the phasograms are
derived using the pulsar elements derived from radio measure-
ments. Two of the three phasograms show an excess at the same

phase bin which coincides with the expected position ofthe optical
first pulse. However, the statistical significance of the signal
improves when only the lower energy showers are chosen, based
on the pulse height information and/or the source hour-angle.
When all the 3 phasograms after applying this cut, are summed,
the resultant phasogram shows a 4.0c¢ peak at the optical phase.
There is a hint of a weak second pulse of 1.5a@ at phase 0.7.
Allowing for various degrees for freedom, one obtains a value of
2.7 107%, for the probability that all the excesses are statistical
fluctuations. From the excesses observed at different gamma ray
energy thresholds an integral energy spectrum of theTeV gamma
rays from Vela is derived. The estimated slope of this power law
energy spectrum is —(2.5+ 0.3)

Key words: pulsars: PSR 0833-45 — pulsars: Vela pulsar-Gamma
rays: very high energy — atmospheric Cerenkov technique

1. Introduction

Discovered in the radio wavelength during late 1968 by the
Molonglo group (Large et al., 1968) Vela pulsar is located near the
centre of the large supernova remnant Vela X. It is one of the fast
pulsars with a period of about 89 ms and its distance is about
500 pe. The emission from this pulsar is similar to that from the
wellknown Crab pulsar, at various wavelengths. However there
are some marked differences compared to the Crab pulsar. The
radio light curve of Vela pulsar shows only one pulse. In the X-ray
energy band no significant emission is detected from this pulsar
(Knight et al., 1982). Even though both the pulsars show doubie
peak in their light curves in optical and gamma ray bands their
phases coincide in the case of Crab pulsar but not in the case of
Vela pulsar. The luminosity above 100 MeV for Vela is about 3.6
times that of Crab whereas pulsed emission from Vela at optical

Send offprint requests to: P.N. Bhat

wavelengths is less than 2 10~* of that from Crab (Thompson et
al., 1975; Manchester et al., 1978).

Measurements of relative phases of pulsed emissions in radio,
optical and medium energy gamma rays show that the radio peak
(by definition at phase= 0) is followed by the first gamma ray
peak at 11.2 ms, the first optical peak at 21 ms, the second optical
peak at 42 ms and finally the second gamma ray peak at 49 ms
(Buccheri et al., 1978). This indicates that probably the
mechanisms and certainly the sites of production of radiation at
radio, optical and gamma ray wavelengths are different. The near
coincidence of the midpoints of the optical and gamma ray pulse
profiles led Manchester and Lyne (1977) to suggest that both the

components are emitted from a single magnetic pole of the
neutron star. But the improved data show that the midpoints are
no longer quite coincident, being at 30.5 ms and 31.5 ms for optical
and gamma ray region respectively (Buccheri et al., 1978).

In the medium energy gamma ray range strong emission
showing a clear double pulse structure in the phasogram was
detected by SAS-2 as well as COS-B experiments (Thompson et

al., 1975 and Bennett et al., 1977). All the emission in this energy
range seems to be pulsed, bulk of which is contained in two narrow
pulses with FWHM of about 3 and 6ms respectively, with a
characteristic separation of 0.42 in phase. However, what is

interesting in the present context, is the structure in the intra-pulse
region; specifically an excess is seen at the phase of the first optical
pulse. Even though it is only a suggestion in the observed COS-B
data, it looks as though the feature persists until the highest
COS-B energy range viz: 1.5-3 GeV.

In the very high energy (VHE) range, there have been several
observations so far both by our own group as well as by Grindlay
et al. (1975). Grindlay et al., detected 4.20 and 3.00 peaks in the

pulsar phasogram in 1972 and 1973 observations respectively. The
same group derived upper limits using their total data of 1973 and
1974 observations (see Grindlay, 1982). We had detected a

positive signal from the Vela pulsar on two previous occasions; 1.e.
prior to the observations discussed here. The phasogram derived
from the 1979 observations (while the gamma ray threshold was
10.4 TeV) showed 2 peaks of 4.46 and 2.56 respectively separated
by 0.42 of phase (Bhat et al., 1980). During 1980-81 (while the
gamma ray energy threshold was 7.0 TeV) observations using the
distributed array, the data showed a 4.30 peak in the phasogram
(Gupta et al., 1982). On both these occasions there was no
information on the absolute pulsar phase. In this paper, we will
present the results from our later (1979-85) observations using a

compact array; we have absolute phase information in these data.



2. Observations

The observations were carried out at Ootacamund (S. India)
which is situated at 1174 N latitude and 70°7 E longitude and at an

altitude of2.2 km above mean sea level. The technique used is the

well-known atmospheric Cerenkov technique, which is ideally
suited for the study of gamma rays in this energy range (see Porter
and Weekes, 1979; Ramana Murthy, 1980). The atmospheric
Cerenkov telescope consisted of 18 parabolic reflectors; 8 of them
were 1.5m diameter and the remaining of 0.9 m diameter deployed
ina closely packed array. The mirrors were mounted on individual
equatorial mounts. The total physical area of the reflectors was
20.5 m? (for details see Gupta, 1983). Using this system, even the
sources with large declinations (e.g. the Vela with 6 ~ — 45°) could
be tracked for more than 2hr each before and after the source
transit.

The observations on the Vela pulsar were carried out during
1979-80, 1982-83 and 1984-85 in the tracking mode whence the
source was continuously tracked for 1-4hr during cach run. We
observed Vela for a total of 3943 min in 1979 80, 2147 min during
1982-83 and 1747 min during 1984 85.

During the observations of all the three years the trigger was
generated by a nearly identical electronic logic system. The pulses
from the photomultipliers mounted at the focus of each mirror are
added to form 4 or 6 banks. Pulses from each bank are amplified
(gain ~10) and fed to fast discriminators. The logical pulses
generated by the discriminators (FWHM ~ 15-20ns) are in turn
used to generate the trigger by a majority logic unit. An identical
majority logic unit is used wherein the logical inputs are connected
after being relatively delayed by various amounts. This unit
generates the chance coincidences which are monitored simul-
taneously during the course of a run. The high voltage on the

photomultipliers were adjusted such that the chance coincidence
rate was less than ~10°%, of the total trigger rate.

During the runs in 1982-83 and those in 1984-85, the pulse
heights of a bank were digitized using a 11 bit fast ADC and
recorded along with the event time and other data on a magnetic
tape. Until 1984, we were calibrating our clock by using the atomic
time signals broadcast by National Physical Laboratory. Delhi.
This was cross checked by a similar calibration done using the time
signals from a Chinese broadcasting station. With this procedure
we could maintain the accuracy in absolute time of +1 ms. In
1984- 85 season we useda satelite timing receiver which is capable
of correcting itself using the coded time signals received from US
Navy satellites (NNSS) once every few hours. The accuracyofthis
clock is + 30 [ls in absolute time.

3. Analysis and results

The data taken during 1979-80, 1982-83, and 1984-85 form 3

independent data sets. These 3 data sets were analysed separately.
The arrival times of each event. after suitably correcting for time
calibration whenever necessary. are converted into the cor-
Tesponding times at the solar system barycentre using a program
which uses the MIT barycentric ephemeris (Ash et al., 1967). Then
the pulsar phase at this time was deduced using the pulsar elements
supplied to us by R.N. Manchester (1979-80), R.W.Royle
(1982 83) and A.R. Kleckociuk (1984-85) using radio obser-
vations, Thus a 30-bin phasogramof the events is derived for each
data set and bins showing significant excess events are scarched in
each phasogram. The absolute phase with respect to the radio
peak is known in each case.
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Fig. 1. Phasogram ofail the recorded events from the direction of PSR 0833-45
during (a) 1979-80 (b) 1982 83 and (c) 1984-85

Figure 1 shows the phasogram of all the recorded events in
each data-set 1979-80, 82-83, and 84-85 with respect to the radio
phase. The estimated mean gamma ray energy thresholds for these
data sets are respectively 10.4 TeV, 4.9 TeV and 5.8 TeV, averaged
over all hour angles of the observation. It is apparent that there is
no significant (24a) excess in any of the three phasograms in any
phase bin. However, it may be pointed out that there is a small
excess in channel number 8 in 2 of the data sets. Even though these
excesses are not significant by themselves. their repetition over the
years in the same phase bin makes them significant. Figure 2

shows the sum ofthe all the 3 phasograms with respect to the radio
phase. As the excess occurs at the same phase bin the signal in the
final phasogram is 2.60 in bin 8. This phase bin corresponds to
absolute pulsar phase of 0.27. However the phase at which the

pulse appears is very close to optical first pulse (0.24. Buccheri et
al., 1978). Table 1 (column 2) summarizes the relevant numbers
derived from Figs. 1 and 2.

Among the 3 phasograms in Fig. 1, (b) has the lowest gamma
ray energy threshold viz. 4.9 TeV. Also, this phasogram indicates
more prominently (3.1¢ and 2¢ respectively) the existence of a
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Fig. 2. Sum of all the three data-sets shown in Fig. 1

Table 1. Summary of the phasogramsofthe Vela pulsar from the
data (without cuts: column 2 and with cuts: column 3) collected
during 1979-85

Data set Excess in Excess in Mean gamma
bin 8 in the bin 8 in the ray energy
total data data with cuts threshold
(st. dev) (st. dev) (TeV)

1979-80 —0.3 1.1 9.3
1982-83 3.1 3.3 4.7
1984-85 1.1 2.9 5.4
Sum 2.6 4.04

* Excess of 421 events over an average background of 10917

double pulse structure probably suggesting that the lower energy
events are richer in the signal. From this clue, we tried to select
lower energy events based on the pulse height whenever available
and/or the source hour-angle. We chose events collected during
which the source hour-angle was |HA| < 20°. This was applied to
all the 3 data sets. However the ADC information on the pulse
height was available only for data sets (b) and (c).

In these data only the lower 50 % (in energy) of the events are
selected and their phasograms derived. The results are shown in
Fig. 3. The modified energy thresholds for these subsets (for data
taken when |HA|S 20°) are 9.3TeV, 4.7TeV, and 5.4TeV
respectively. The observed excesses in the expected phase bins are
summarised in Table 1 (column 3).

Comparing the results summarized in the table, one can see a
marked improvement in the significanceof the signal in individual
data sets. The phasogram of the sum of the three data sets after
applying the aforesaid cuts is shown in Fig. 4. One can see a 4.00
peak. If one multiplies the individual probabilities of the excesses
in all the three phasograms in Fig. 3 separately, assuming that the
pulse could be in any of the 30 bins, one gets a chance probability
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Fig. 3a—c. Phasograms of the 3 data sets after applying cuts to reject higher
energy showers: a data recorded during 1979-80 while the source hour-angle
was such that |HA|S 20°. b Data recorded during 1982 83 while the source
hour-angle eas such that |HA| S$ 20°; and 50°: ofthe lower pulse height showers
only are selected. c Data recorded during 1984-85 while the source hour-angle
was such that |HA| S$ 20°; and 50°, of the lower pulse height showers only are
selected

of 2.7107°. The number of degrees of freedom used while
applying cuts according to the source hour-angle and pulse heights
is also accounted for in the above chance probability.

From the observed excess events in the signals tabulated in the
table we could calculate the integral photon flux received from this
source above the threshold energies shown in the last column. The
results are plotted in Fig.5. The photon energy thresholds are
indirectly derived using the event counting rates, average zenith
distance of the source and certain inputs from the montecarlo
simulation studies of the photon and proton initiated showers.
The uncertainties in the input data limit the accuracy of the
estimated effective mean energy threshold to be around 50 °%,. The
uncertainties in the threshold energy are shown as error bars on
the energy axis. Also plotted in the figure are previous
measurements of Grindlay et al. (1975). The hatched band shows

1984-85
c
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Fig. 5. Integral energy spectrum of VHE gamma rays from PSR 0833-45. The
filled circles are from the present results whereas the open circles are the results of
an earlier observations by Grindlay et al. (1975). Even though these authors
stated that the signals reported were to be considered as upper limits, Grindlay
(1982) indicated them as positive fluxes as shown in this figure. The straight line
is a least square fit to our measurements and has a slope of —(2.5+ 0.3).
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the extrapolation from the lower energy measurements of COS-B
collaboration (Bennett et al., 1977). The results from our previous
measurements in 1978-79 (Bhat et al.. 1980) and 1980-81 (Gupta
et al., 1982) are not plotted in the figure as the absolute phase
information was not available during these observations. As one
can see in Fig. 5, our present flux estimates are far too low (at least

by a factor of ~ 200) compared to the extrapolation from lower

energy measurements. The high energy point ofGrindlay et al. is
in good agreement with the present results.

4. Discussion

The compilation of our measurements of VHE gamma rays from
Vela, shows a small but persistent emission in each year at the
same phase. The signal strength builds up when the phasograms
are summed. However, there is a strong indication that lower

energy showers recorded from the direction of the source are
richer in the signal. For the events recorded when the source hour-
angle was less than 20 degrees on either side of the transit. the
mean energy threshold for gamma ray photons reduces by
~ 6-7 %. However by rejecting 50° of the higher energy showers,
the threshold energy remains unchanged: but the mean energy of
gamma initiated showers falls by a factor of ~ 2.2. By so doing the

signal strength improves considerably supporting the evidence of
a signal among the lower energy showers.

The position of the signal at the pulsar phase of 0.27 is not

totally unexpected. As mentioned in the introduction there is a

hint in the lower energy measurements of a persistent excess events
at the optical main pulse position (Kanbach et al., 1980). An
earlier evidence for the emission of gamma rays of energy
> 300 GeV by Grindlay et al. (1975) also showed a single pulse at
the position of the first optical pulse. In the present case a pulse
appears close to the optical phase and there is a hint of

a
second

pulse (at channel nos. 21 and 22) with a characteristic phase
difference between the two which is the same as that observed at
medium energy range, viz: 0.43. The fact that the main pulses at
medium and very high energy gamma ray regions do not agree
probably indicates that the mechanisms and sites of production of
these gamma rays are different.

It may be recalled that the energy spectrum ofmedium energy
gamma rays in COS-B data were fitted to two different slopes. In
the photon energy range 50-300 MeV the best fit value for the

slope of the differential spectrum is —(1.77+ 0.15) while that in
the energy range 300-3000MeV the slope is —(2.0+0.2)
(Kanbach et al., 1980). The corresponding slopes of the integral
energy spectra would be —0.77 and — 1.0 respectively. indicating
a trend for a steepening of the energy spectrum with increasing
photon energy. The gamma ray energy spectrum shown in Fig. 5
shows that the energy spectrum must steepen either abruptly or

continuously in the intervening photon energy range. This again
supports the previous conclusion, that their production mech-
anisms could be different.

On the other hand as the signal to noise ratio improves when

relatively higher energy showers are rejected, one can obtain some
information regarding the slope of the energy spectrum. Accord-
ing to Vishwanath (1982) the signal to noise ratio is given by:

where v, and v, are the gamma ray and proton integral spectral
slopes respectively. Since S/N ratio is increasing when energy is

reduced, implies that:
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This conclusion is in disagreement with the observation of
Grindlay et al. (1975) who found a signal in the highest pulse
height group of events. Froma fit to the points plotted in Fig. 5
we estimate the slope of the integral gamma ray spectrum to be
—(2.5+ 0.3), consistent with the above lower limit. This is slightly
steeper than the value of v, = 2.04 0.2 estimated earlier (Vish-
wanath, 1982). The error on the slope does not include the
uncertainties in the photon energy threshold.

It is interesting to note that association of supernova remnants
with isolated pulsars was established in 2 cases: Crab and Vela
pulsars. Very high energy (VHE) gamma ray emission has already
been seen from Crab pulsar (Gupta et al. 1978: Tumeret al., 1985;
Dowthwaite et al., 1984). The present work and the work reported
by Grindlay et al. (1975). Grindlay (1982), Gupta et al. (1982) and
Bhat et al. (1980). establish that Vela pulsar is also an emitter of
VHE gamma rays. Furthermore, it seems to be a more consistent
emitter of TeV gamma rays compared to Crab pulsar, since time
averaged phasograms from Vela have always shown signals,
however weak unlike in the case of Crab pulsar.

It is Worth noting here that a model has recently been proposed
(Cheng et al., 1986) according to which TeV gamma rays could
be produced and emitted without being absorbed in the neutron
Star magnetosphere of the Vela pulsar. The authors could
explain many observed features in the medium energy gamma
ray emission. The model predicts the shape of the medium
energy gamma ray light curve. the phase at which the main pulse
occurs and the phase difference between the main and the inter-
pulse. The model also predicts a double pulse light curve of
VHE (10'? — 10? eV) gamma rays whose total energy is about
10~? ofthe total slowing down energy. Our results are consistent
with these predictions as far as the shape of the light curve is
concerned. However the position of the main pulse coincides with
that of the optical main pulse rather than that ofmedium energy
gamma rays. It may be noted that whenever a TeV gamma ray
signal was detected from this pulsar and whenever the absolute
phase information was available. the signal always coincided with
the position of the optical main pulse. The fractional energy lost in
TeV gamma rays as computed from the present measurements is
1.4 10°*, assuming isotropic emission of gamma rays. Beaming if
any will reduce this ratio.

5. Conclusion

The observations in the TeV gamma ray range over Syr show
small but persistent excess in the phasogram at the same phase.The signal to noise ratio improves significantly when lower energy
events are selected. The excess coincides with the optical first pulse
position ofthe pulsar. The integral energy spectrum ofthe gamma
ray signal seen over the years at different energy thresholds
exhibits a spectral shape of — 2.5. This slope is steeper than that at
medium energy gamma ray range. Hence there exists one or more
breaks in the energy spectrum between the two energy ranges or
there is a continuous steepening ofthe spectrum as expected on the
basis of Compton emission model (like Schlickeiser, 1980; Cheng
et al., 1986).
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SUMMARY

The quasar 3C273 was observed with a bal!loon-borne
phoswich scintillator detector system launched on Decem-
ber 12, 1983 from Hyderabad, India. 3C273 was tracked
for 130 minutes and the background was measured
in the same ranges of elevation and azimuth when
the source was not in the field of view, for approxima-
tely the same duration. The fluxes in the 18-25, 25-40,

0-60 and 60-120 keV energy intervals, in units of
10 °* photons cnt s' kev? are 11.73 + 4.20, 2.18 + 0.64,
1.40 + 0.29 and 0.30 + 0.19 respectively. The fluxes
above 25 keV are consistent with the balloon observations
of 3C273 by Bezler et al., on September 28, 1981
and about thrice as high as the 1978/1979 HEAO-1
measurements. However, our observations taken in

conjunction with the lower energy {1-20 keV) data of
December 17, 1983 from EXOSAT satellite, indicate
possible spectral variations between 1981 and 1983.
The implications of these results for astrophysical
processes in quasars are discussed.

Key-words:active galactic nuclei - quasars - X-ray
sources - 3C273

1. INTRODUCTION

The quasar 3C273, one of the nearest quasars
(red shift 0.158), has been extensively studied in all
wavelengths of the electromagnetic spectrum, ranging
from radio waves of wavelength ~10 cm to gamma
rays of energy~1 GeV. It is the only quasar definitely
identified in high energy gamma-rays (30 MeV to 1

GeV) and recent observations cover the near and far
infrared and ultraviolet bands as well (see review Ulrich,
1981). Among the remarkable characteristics of 3C273
are the jet, visible in the radio, the optical and the
X-ray wavelengths, a small inner jet in mm wavelengths,
an apparent superluminal motion of features resolved
by VLBI tehniques and a strong anomalous excess ultra-
violet radiation. The X-ray spectrum is hard as in
most other active galactic nuclei (AGN's). Significant
time variations are seen in all wavelengths on time
scales of days to years, except in gamma rays. There
is in general no clear evidence for any correlated tempo-
ral variations in different wavelengths except for con
current flaring observed in the infrared to the mm
wavelengths (Robson et al., 1983).

-
Soft X-rays (2-10 keV) from 3C273 were first

observed from rockets and subsequently confirmed
by the UHURU satellite. X-rays upto 100 keV were

Send offprint requests to: S. Naranan

detected by OSO-8 and HEAO-1 satellites (Bradt et
al., 1979; Worrall et al., 1979; Primini et al., 1979).
Balloon measurements of hard X-rays (20-200 keV)

were reported by Pietsch et al. (1981) and Bezler et
al. (1984). The X-ray spectrum in the 2-10 keV shows
no low energy absorption and can be expressed by a
power law with index 1.5; the spectrum has a tendency
to flatten upto ~ 30 keV and thereafter steepen (Worrall,
1979). HEAO A4& measurements of 1978 (Primini et

~

al., 1979) in the 20-120 keV range indeed show a steeper
spectrum (power law index 1.7). Balloon observations
of November 1978 by the AIT/MPE group (Pietsch et
al., 1981) in the 20-200 keV range are consistent with
the HEAO A&4 observations. However the balloon obser—
vations of AIT/MPE in September 1981 show a remark—
able enhancement by a factor of three in luminosity
in 20-200 keV compared to November 1978 and a much
flatter spectrum with a power law index 1.2 and no
sign of steepening is seen in the spectrum upto 200
keV. In this paper we report a balloon observation
of hard X-rays from 3C273 in the 18-120 keV energy
lange on December 12, 1983.

2. OBSERVATIONS

Our X-ray telescope consisted of four independent
phoswich detectors with 3 mm Nal(Tl) and 25 mm CsI(Na)
crystals with good efficiency for detection of X-rays
upto 120 keV. The total effective area was 400 em?
Each detector was collimated to a field of view of

5° x 5° (FWHM) with slat collimators of copper and
surrounded by a passive graded shield of lead, tin and
copper to reduce the background. Each phoswich was
viewed by a 12.5 cm diameter photomultiplier tube
(EMI 9530 or EMI] 9618). Non X-ray background counts
which appear as coincident Compton-scattered events
in both the crystals were rejected by pulse width discri-
mination (Malkar and Kunte, 1982). Each photon energy
was measured in 128 pulse height channels (upto 130
keV) and each pulse width in 128 channels and teleme-
tered to ground. The photon arrival times were measu-
red with a resolution of 0.16 ms. The number of photons
in the 120-240 keV energy and above 240 keV were
also counted with 5.12 ms time resolution. In-flight
calibration was performed periodically by exposing
the detectors to an Am radioactive source to monitor
the stability of the detectors and the associated electro-
nics. The orientation of the alt-azimuth mounted teles—
cope was measured by two 10-bit shaft encoders providing
an rms accuracy of 0.35° in elevation and azimuth.
The residual atmospheric pressure was measured by

a pressure transducer (Rosemont 830A3, 0-15 mbar)
whose output was fed to a 11-bit A/D converter. Details
of the payload and instrumentation have been given
by Damle et al. (1986)
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The telescope was flown on December 12, 1983
from Hyderabad, India, (8.5°N

geomagnetic
latitude),

onboard a balloon of volume 1.73 x 10 It floated
at an altitude of 36.0 km (4.70 g cni4) for about 8 hours.
The quasar 3C273 (R.A. =

12% 26", Dec. = 2.3°) was

kn for 130 minutes in azimuth and elevation from
42"UT to 02 5s2™UT; this observation was sandwiched

between two observations of the background (lasting
72 and 52 minutes) when the telescope scanned the
same region of azimuth and elevation but when no
known X-ray source was in the field of view. The
telescope was oriented by telecommand from ground
every two minutes; its pointing accuracy is estimated
to be ~ 0.5°, from ground calibrations and later observa-
tions of the bright source Sco X-! in the same flight.
During the observation the measured offset of the
telescope varied from 0.7° to 1.8°, the average geomet-
tical efficiency of the telescope being 0.71. The slant
atmospheric depth varied from 4.85 to 5.15 mbar during
the source observation and from 4.80 to 5.00 mbar
during the background measurements. Note that the
total background rates measured before and after the
3€273 observation were the same for each detector
within 1.0 to 1.5% and the individual channel count
rates were also the same within one standard deviation.
Background’ measurements later on in the flight showed
Similar count rates, indicating that the background
is not very sensitive to small variations of ~0.3 mbar
in atmospheric depth at ~5 mbar. According to Bezler
et al. (1984) the variation of background count rates
in their phoswich detectors in the range of 3.1 to 4.2
g cm atmospheric depth was never larger than 4%,
Pulse width discrimination eliminated nearly 85% of
the counts as due to background. The energy resolution
for the four detectors ranged, from 22% to 40% (FWHM)
for 60 keV X- rays)from Am The background rates
at of 4.70 g cm 2

ay Hyderabad3 -5°N geomagnetic
latitude) in units of 10*counts cm™s7 keV! in the energy
bands 18-25, 25-40, 40-60, 60-80, 80-100 and 100-120
keV were respectively 6.1, 5.6, 5.1, 5.2, 5.6 and 4.0.

3. DATA ANALYSIS

From 130 minutes of observation of 3C273 and
122 minutes of background measured in the same range
of azimuth and elevation, we obtain the net raw count
rates attributable to 3C273 in different pulse-height
intervals. In Table | we give the energy bands correspon-
ding to the chosen pulse height intervals in column
| and the observed net raw count rates corrected for
the average geometrical efficiency of the collimator
pointing (0.71) and dead time loss (10%) in column 2.
These count rates have to be transformed into X-ray
fluxes at the top of the atmosphere after correcting
for atmospheric attenuation and detector response
function. This was done as follows.

The primary photon number spectrum at the top
of the

atmosphere
assumed to

be
a power law of the

form AE ~ photons cm* $! keV! , was transformed into
a pulse-height distribution at 5.0 g cm™® (the average
slant atmospheric depth in the direction of 3C273),
taking into account the variation of atmospheric absorp~-
tion with energy and the detector response function.
The latter included the experimentally determined detec-
tor (gaussian) response to monochromatic X-rays and
the effects of the escape of iodine Kyand Kg X-rays
from the phoswich detector for incident X-rays above
the K-electron binding energy. For a given choice of
(A,), the "expected" count rates were calculated in
six pulse-height channels corresponding to energies
18-25, 25-40, 40-60, 60-80, 80-100 and 100-120 keV,
for comparison with the observed count rates. To deter-
mine the Pearson's e statistic, the last three channels

were combined into a single channel (60-120 keV) because
af poor statistics of observation above 60 keV.

The lowest value of yr (4.92 for two degrees of
freedom) was obtained for A-0.589 and }™ 2.20; the
"expected" values of the count rates for this choice
of (A,”) are given in column 3 of Table 1. Comparing
the observed and expected count rates (columns 2 and
3) we note that the maximum contribution to the value
is from the 18-25 keV channel. The, probability that
a power law spectrum can yield a 24.92 for two
degrees of freedom is 0.085, which is’marginally accept-
able.

To transform our measurements into primary fluxes
at the top of the atmosphere, the most direct method
is to multiply the observed count rate (column 2) by
the ratio of the theoretical count rate at jhe top of
the atmosphere (calculated according to AE” with the
best fit parameters) to the expected count rate (column
3) in each energy channel. Although the error int
is large (one sigma error 0.5) it is found that the range
of transformed fluxes is within + 10% of the mean,
much less than the statistical errors. The primary fluxes
(using Y= 2.20, the best value) are given in the last
column of Table |! and plotted in Fig.l. The errors
are statistical. Only for the 18-25 keV flux, an addi-
tional 10% error due to uncertainty in atmospheric
attenuation is included, the error for higher energy
channels being negligible. We estimate the systematic
errors of telescope pointing, energy calibration of detec-
tors and conversion of measured count rates to primary
fluxes to be smaller than the statistical errors quoted.

Sco X-1l was also observed in the same flight.
The results will be reported separately.

4. DISCUSSION{8

Although the spectral index of 3C273 is poorly
determined, the total photon flux in the 18-60 keV
X-rays from 3C273 is 1.5 x 10°” photons cm™* s~ with
an error of less than 20%. This corresponds to a lumino-
sity Lx (18-60 keV) of (7.09 + 1.05) x 10 We ergs s!
wheré h is the Hubble constant in units of 50 km s™

Mpc7!. From Fig. | we note that our measurements
of December 12, 1983 are in good agreement with the
AIT/MPE osbervations of September 28, 1981 above
25 keV. In the 18-25 keV energy band our (1983) flux
is higher than the AIT/MPE (1981) flux, by about 2.5
standard deviations. We therefore confirm the enhanced
flux observed by AIT/MPE in 1981 over the earlier
measurement of HEAO A-4 experiment and their own
balloon measurements of 1978. Bezler et al. note that
the

iyminosity
in 20-200 keV (1981) of (1.2 + 0.12)

x lo ergs s” (H=60 km st Mpc? is the highest luminosity
observed in any one decade of energy and is comparable
to the luminosity attributed to the rest of the entire
observed electromagnetic spectrum of 3C273. Interpola-
ting this luminosity (20-200 keV) to 18-60 keV using
the spectral index 1.2 quoted by bezier &

et al., we get
L, (18-60 keV)= 0.

36 + 0.34) x 10° ergs s” Our value
Le (18-60 keV)= (4.92 + 0.73)x 10#? ergs siS= 60 km
StMpc! ) is (1.46 + 0.26) times higher, almost all the

excess being accounted for by the higher intensity in
mhe 18-25 keV energy band.

3C273 was also observed by EXOSAT low energy
(LE) and medium energy (ME) detectors on December
17, 1983, (Turner et al., 1985) only five days after
our hard X-ray measurements. The ME spectrum in
the 1-20 keV energy range showed a change in the
spectral index from 1.5 + 0.05 to 0.91 + 0.13 around
8-10 keV. The highest energy channels in the ME detector



TABLE 1 : 3C273 SPECTRAL DATA OF QUASAR 3C€273

Energy (Observed Expected*
pource Flux*Range count rat count ra ph cmz*s"

(keV) (em ele (ems! ye key! ye
{8-25 4.50 + 1.16 2.75 11.70 + 4.20
25-40 5,80 + 1.70 8.09 2.18 + 0.64
40-60 8.95 + 1.86 7.34 1.40 + 0.29
60-120 6.59 + 4.10 7.87 0.30 + 0.19

@ in units of 10% ~~ _
* For primary source spectrum AE ph em? st keV With
A - 0.589 and Y= 2.20

(around 20 keV) overlap on our lowest energy channel
of 18-25 keV. The EXOSAT spectrum below 8 keV
(as seen from Fig. 1 of Turner et al., 1985) has a spec-
tral index similar to HEAQ-A2 (1978) data shown in
our Fig. 1, but with absolute fluxes 1.6 times higher;
however it flattens above 8-10 keV up to ~ 20 keV.
At 20 keV the EXOSAT flux of x 1074 photons
cmmtst keV7! and our flux of (1.17 + 0.30) x 10™photons
cm7t sv kev7! are in agreement within one standard
deviation. Further, two of our data points - at 25-40
and 40-60 keV - are on the extension of the 2-8 keV
EXOSAT spectrum within statistical errors. Assuming
that the agreement between EXOSAT and our flux
measurements at 20 keV - though obtained from diffe-
rent types of detectors and platforms, but within six
days of each other - is not fortuitous, it is reasonable
to presume that (1) no change in the intensity of 3C273
in this energy range occurred between the two observa-
tions and (2) the enhancement in our 18-25 keV flux
compared to the Bezler et al., measurement of 1981
is perhaps real because of the flat spectrum upto 20
keV observed by EXOSAT. These results lead to the
following conclusion: the low energy (€10 keV) spectrum
(index 1.5) begins to flatten around 8-10 keV (index
~0.9) but is followed by a steepening around 20 keV.
Spectra of this kind are predicted by models in which
low-frequency black-body radiation is Comptonized
in a plasma containing hot Maxwellian electrons (see
for example Syunyaev and Titarchuk, 1980; Pozdnyakov,
Sobol’ and Syunyaev, 1983, the references therein and
their Figure 23). Alternately, we can interpret the
observed spectra as a superposition of a smooth spectrum
of index, 1.5 from 2 to 120 keV and an excess flux
confined to a narrow range of energy interval around
20 keV.

The Comptonized black-body spectrum has been
calculated for a range of plasma electron temperatures
(kT@) and Thompson optical depths © for electron scatte-
ring for spherical and disk-shaped plasmas (Pozdnyakov
et al., 1983; Syunyaev and Titarchuk, 1980). The combi-—
ned EXOSAT and our present data are reasonably well
fit by this model with kTg= 15 + 2.5 keV and T= 4.0
+ 0.5 (for disk) or 8 + 1 (for sphere). Bezler et al.
have concluded that kTe increased from 15 + 3.5 keV
(1978) to 7150 keV (1981), the corresponding & (for spheri
cal gas) being 7.2 + 0.8 and > 1.7 respectively. The
hot gas parameters obtained from EXOSAT and our
observation (December 1983) are in good agreement
with the fit of the HEAO-A2/A4 spectrum by Bezler
et al. although the absolute flux values are higher in
1983 by a factor of three. However we wish to exercise
a word of caution: combining data from two different
types of detectors with different types of corrections
for background and atmospheric absorption may be

open to question. Thus we consider the above spectral
fit as only suggestive of possible significant Comptoniza-
tion of a low energy thermal component as the source
for hard X-rays above 20 keV. Spectral measurements
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Figure 1. X-ray spectra! measurements of quasar 3C273.
HEAO-1 A2: Worral et al. (1979): HEAO-1 A4: Primini
et al. (1979); AIT/MPE balloon (November 1978): Pietsch
et al. (1981); AIT/MPE balloon (September 1981): Bezler
et al. (1984). Present measurements are indicated
by 4 - The figure is adapted from Bezler et al. (1984).

over a wide range of energies, preferably from the
same detector are necessary before definitive conclusions
can be drawn.

Flux variations in 2-17 keV X-rays occured on
time scales of several months during 1975-77, when
no such variations were apparent in the radio, optical
and infrared wavelengths (white and Ricketts, 1979).
In the 2-10 keV X-ray observations of Marshall et
al., (1981) extending over the years 1975-79, there
was an increase in flux by a factor ~ 2 towards the
end of 1979; furthermore on August 30, 1979 the flux
increased 1.8 times within 0.5 day. In hard X-rays
Worrall et al. (1979) reported a 40% variation of the
2-60 keV X-ray flux on time scale of ~six months in
1976-77 with a characteristic time for temporal variation

tye Id In F/ dt\vbf 1.5 y. Similar characteristic time
ty in the radio frequencies (Y= 90 GHz) has been repor-
ted by Hobbs and Dent (1977). The AIT/MPE observa-
tions of November 1978 and September 1981 provide
the first evidence for variation in X-rays of 20-200
keV by a factor of three over a period of three years
(tx 3y). After the December 17, 1983 observations
already cited, EXOSAT had three more observations
in the next six months. In May 1984, the intensity
in the 1-10 keV energy range had decreased to about
40% of the December 1983 value and the spectral harden-
ing between 10 and 20 keV was not apparent. Further
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the low energy flux (0.1-2 keV) showed intensity and
spectral variations between May and June 1984 while
the 1-20 keV flux remained the same.

Correlated temporal variations in the radio, X-ray
and gamma-ray wavelengths are predicted by non-thermal
synchrotron self-Compton models, in which relativisitc
electrons producing synchrotron mm radio waves further
scatter the radio waves into X-radiation (first order
self-Compton, Jones, 1979). There are no simultaneous
observations at different wavelengths to test this predic-tion. In thermal models, a hot gas of non-relativistic
electrons of temperature Te Compton scatters soft
photons into X-rays (Katz, 1976; Shakura and Syunyaev,
1976; Lightman and Rybicki, 1979). This process also
Produces a power law photon spectrum like that of
the non-thermal synchrotron process, but only upto
photon energies ~3 ki. All thermal models predict
an exponential decline of spectrum at higher energies.
In most hot thermal models lower frequency photons
and X-ray/gamma-ray photons may be produced in diffe-
rent regions and need not be correlated. The source
of soft photons may be inside the scattering medium
(Felten and Rees, 1972; Katz, 1976) or outside (Fabian
and Rees, 1978; Lightman and Rybicki, 1979).

Since hard X-rays and gamma-rays most likely
Originate in the inner-most regions of AGN's, their
Spectral and temporal characteristics are presumably
governed by the primary energy source. One of the
oft-discussed mechanisms, for this source is accretion
on to a supermassive (10°- 10° Mg) black hole. Power
law spectra with no detectable high energy cut-off
are observed in AGN's including Seyfert galaxies and
quasars. A crucial test to distinguish between thermal
and non-thermal models is the spectral shape at energies
above 100 keV,

5. CONCLUSION

We have measured the X-ray spectrum of the quasar
3C273 in the 18-120 keV energy range on December
12, 1983. The absolute intensities above 25 keV are
consistent with the September 1981 measurements of
Bezler et al. (1984) within statistical errors; both are
about three times higher than the fluxes observed
in November 1978. At 20 keV we obtain a flux higher
than that of Bezler et al. (1984) by 2.5 standard devia-
tions. Further, the lower energy (1-20 keV) EXOSAT
observations of December 17, 1983, nearly simultaneous
with our balloon observations, seem to suggest a flat
spectrum in the 10-20 keV energy range, which would
imply significant spectral changes between September
1981 and December 1983. None of the hard X-ray
measurements of 3CZ/73 or even of otner AGN's have
clearly revealed an exponential decline of the spectrum
at higher energies that is characteristic of all thermal
models. Simultaneous observations in the lower (optical,
radio) and the higher (X-ray, gamma-ray) frequencies
will also provide the means of distinguishing between
thermal and non-thermal (synchrotron self-Compton)
models. AGN's are the most energetic powerhouses
known in astrophysics and their further study in hard
X-rays and gamma-rays for spectral and temporal variabi-
lity are most crucial for a proper understanding of
the mechanisms of energy generation.
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ERRATUM

The present measurements of fluxes from 3C273 (4 TIFR/UC 1983)

are plotted incorrectly in Fig 1, page L3. The correct figure appears below.

The figure caption is unaltered. The correct fluxes appears in Table on

page L3.
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Figure 1. X-ray spectral measurements of quasar 3C273.
HEAO-1 A2: Worral et al. (1979): HEAO-1 A4: Primini et
al. (1979); AIT/MPE balloon (November 1978): Pietsch et
al. (1981); AIT/MPE balloon (September 1981): Bezler
et al. (1984). Present measurements are indicated
by . The figure is adapted from Bezler et al.
(1984).
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When the manuscript of this Letter was sent to press at the beginning ofJuly,
an older version Fig. 1 had been erroneously included on page L3. The correct
version of Fig. 1 is printed here. The caption, which remains unchanged, is also
included for convenience.
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Fig. 1. X-ray spectral measurements of quasar 3C273. HEAO-1 A2: Worralet
al. (1979): HEAO-1 A4: Primini et al. (1979); AIT/MPE balloon (November
1978): Pietsch et al. (1981); AIT/MPE balloon (September 1981): Bezler et al.
(1984). Present measurements are indicated by (. The figure is adapted from
Bezler et al. (1984)
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