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ABSTRACT 

A large-area, rocket-borne pointed proportional counter observa­

tion of Cygnus X-1 was made to study its spectrum from 0.15 to 20 keV, 

and to investigate the possible energy dependence of its "shot-noise" 

variability. If the column density for X-ray absorption to Cyg X-1, 

Nx, is equal to the interstellar column density, NH, deduced from the 

observed reddening EB-V towards HD 226868, about half the flux in the 

band 0.6-1.5 keV is attributed to a steep low energy spectral component. 

Data from this flight, and from two previous rocket experiments 

sensitive in the band 1.5 to 42 keV, showed no energy dependence in 

their "shot-noise" behavior. The ratio of the soft component of the 

spectrum to the flux from the power law region of the spectrum above 

2 keV is constant through the shot noise variations. Autocorrelations 

of data from the three flights are consistent with an energy independent 

shot decay time. The fraction of time-averaged flux in the shots is 

less than 1, confirming the result of Sutherland, Weisskopf, and Kahn 

(1977). The lack of rounding of the auto-correlation at very small 

time delays indicates that the shots must have at least one sharp edge 

with characteristic time~ 0.01 second. Cross-correlation between 

flux in low and high energy bands suggests a time lag, in the sense 

that flux at high energies lags behind that at low energies, but is 

consistent with zero lag. Time-skewness calculations rule out a model 

of exponentially decaying shots. No millisecond bursts were seen in 

the 84 second observation. 
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An excess flux at low X-ray energies has been predicted by Compton­

ization models of the spectrum of Cyg X-1. The lack of spectral vari­

ability of the power-law spectrum through the shot noise variation 

is consistent with a Comptonized spectrum. The proportional varia-

tion of the excess soft flux sets some constraints on the origin of that 

flux in the context of models of Cyg X-1. 

An observation of the X-ray source Cyg X-2 during the same flight 

yielded spectral and temporal data . The spectrum could be fit by 

optically thin bremsstrahlung with a temperature kT of 4.4 keV. An 

upper limit of 8% is set to the pulsed fraction of any periodic modula­

tion with period Pin the range 640 µsec< P < 10.24 sec. Cyg X-2 

appears similar to other soft unpulsed galactic X-ray sources such as 

Seo X-1. We conclude from the lack of pulsations and the absence of 

any spectral structure at the iron K-edge that Cyg X-2 is not an in­

trinsically pulsed source (such as Her X-1) embedded in an optically 

thick scattering cloud. 

Extensive optical multicolor photometric observations of the 

X-ray binary AM Her were made during the 1976 season. The data obtained 

suggest that the red component of the optical flux is closely related 

to the source of optical circular polarization in the system. We 

conclude from the periodic modulation of flux in the U through R bands, 

which is particularly well defined when plotted as color curves, that 

the primary and secondary minima are neither eclipses by a secondary 

star nor by a hot spot . We suggest that the primary minimum in the 
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visual light curve is the eclipse of a region of intense optical emis­

sion in the magnetic field near the surface of a degenerate dwarf by 

that dwarf itself. 
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OBSERVATIONS OF THREE BINARY X-RAY SOURCES: 

CYG X-1, CYG X-2, and 4U1813+50 (AM HER) 

INTRODUCTION 

This thesis consists of three papers reporting observational 

studies of cosmic X-ray sources. The three sources appear to be 

compact objects in binary systems which produce X-rays by the libera­

tion of gravitational energy from accreted matter. Each of the end­

products of stellar evolution may be represented in this set of objects: 

AM Her contains a white dwarf, Cyg X-2 may contain a neutron star, and 

Cyg X-1 contains the leading candidate for a black hole. The observa­

tional studies reported in this thesis were conducted to study the 

accretion process near these compact objects. 

Although the discovery of Seo X-1, the first detected X-ray source 

other than the sun, took place in 1962 (Giacconi fil_ al, 1962), ten 

years elapsed before the first identification of an X-ray source (Cen 

X-3) as a member of a binary system (Schreier~ al. 1972). Despite 

this lag in observational verification, it was not surprising that a 

compact object in a binary system might emit X-rays. A hydrogen atom 

falling onto the surface of a one solar mass white dwarf (r ~ 109 cm) 

6 or neutron star (r ~ 10 cm), or to the event horizon of a black hole 

(r ~ 105 cm) releases a gravitational potential energy of about 102 , 

5 6 10 , or 10 keV respectively. It is thus not difficult for matter ac-

creted onto a compact object to attain temperatures high enough that 
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it radiates in the X-ray band. If such a compact object is located in a 

binary system, where it can accrete matter lost to the secondary star by 

a stellar wind or Roche lobe overflow, a luminous X-ray source may be 

created. 

Proportional detectors sensitive to X-rays in the band 0.1-50 keV 

are not difficult to construct. They are sensitive, with an efficiency 

approaching 100%, to individual X-ray photons. Since the brightest 

-2 X-ray sources produce fluxes at the earth greater than 1 photon cm 

-1 sec , a detector of rather modest dimensions can make observations of 

high statistical significance. The birth of X-ray astronomy, however, 

was delayed until the space age by the fact that X-rays in the kilovolt 

band are absorbed at altitudes below 100 km. Though observations at 

energies above 20 keV can be made from high-flying balloons, X-ray 

detectors sensitive to flux below 20 keV, where most of the energy 

from observed sources is emitted, must be flown in a rocket or satellite 

vehicle. This thesis reports X-ray observations of two binary sources 

made in a rocket experiment. 

Cyg X-1 is a bright X-ray source in the constellation Cygnus located 

3° from the galactic plane. It has been identified with HD226868, a 

ninth magnitude OB supergiant. Spectroscopic observations indicate 

that HD226868 is a single line spectroscopic binary, and that the mass 

of the (optically) invisible secondary is greater than the theoretical 

upper limits for white dwarf or neutron star masses. If we identify 

the unseen secondary with the X-ray source, and assume that the X-rays 

are produced by mass accretion onto a compact object, we conclude that 
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the X-ray source must be a black hole. Current theoretical models show 

that the observed X-ray spectrum can be produced by emission from the 

inner part of an accretion disk about a black hole. 

The X-ray flux from Cyg X-1 shows an apparently chaotic variation 

on a time scale of seconds. Though a hard power-law spectrum is observed 

from 2 keV < E < 100 keV, spectral data seem to indicate an additional 

component at lower energies. In Chapter 1, a proportional counter observa­

tion of the rapid "shot" variability of the flux in the low energy com­

ponent and at higher energies is reported. We analyze the nature of the 

variability in the context of accretion disk models of Cyg X-1. 

During the same rocket flight, an observation was made of Cyg X-2, 

a bright galactic X-ray source which appears to be typical of the rather 

bland class of unpulsed X-ray sources with soft spectra. In Chapter 2 

we examine whether the observed X-ray spectrum and lack of pulsations 

are consistent with pulsed X-ray emission from a rotating neutron star, 

such as in the Her X-1 system, but masked by a cloud of matter optically 

thick to electron scattering. 

Because of the cost of space experimentation, it is desirable to 

make maximum use of observations which can be made from the ground. For 

the six-figure price of a five-minute rocket flight, a medium-sized ground­

based facility can be constructed which will last for decades. The 

variable star AM Her is an example of an X-ray system from which a 

great deal of data can be gathered via ground-based observations. 

X-ray observations by the soft X-ray experiment on the SAS-C 

satellite indicated that AM Her was a likely candidate for the optical 
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counterpart of an X-ray source prominent in the 1/4 keV band (which 

later proved to be coincident with the 2-6 keV source 4U1813+50) (Hearn, 

Richardson, and Clark 1976). The suggestion that it was an X-ray source 

led us to the extensive photometric observations of AM Her reported in 

Chapter 3. Tapia (1976) discovered strong circular polarization in the 

optical band, which indicated that the primary (X-ray source) component 

of the AM Her system was a magnetized white dwarf. We suggest that the 

main part of the optical emission observed photometrically is cyclotron 

emission in the strong (B ~ 108 gauss) magnetic field near the surface 

of the white dwarf. If this interpretation is proved correct, studies 

of the optical variation of AM Her may serve as a probe of the accretion 

process near the X-ray source. AM Her would thus be unique in the 

class of X-ray sources, for optical emission from other sources is not 

dominated by flux from the vicinity of the compact object. 
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CHAPTER 1 

EXTENDED BANDWIDTH X-RAY OBSERVATIONS OF CYGNUS X-1 
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I. INTRODUCTION 

X-ray flux from the black hole candidate Cyg X-1 is characterized 

by variability on time scales which range from months to~ seconds 

( cf. Boldt et al. 1975). The long 'term changes involve profound 

variability of the X-ray spectrum. Observations can be classified, to 

first order, into high and low intensity states of flux in the band 

2-6 keV. The high state shows a steep variable spectrum which may be · 

characterized by a photon power law index a (where dN/dE ~ E-a) in the 

range 2 <a~ 5 for 2 < E < 10 keV (Schreier~ al. 1971, Canizares 

and Oda 1977). The low state spectrum is flatter, with a in the range 

1.4 <a< 1.9, and fits a single power law for the band 2 < E < 100 keV 

(Rothschild~!!.!.· 1977, Canizares and Oda 1977, Matteson~ al. 1975). 

High state spectra sometimes include a flat component reminiscent of the 

low state at E < 10 keV, but have at other times been observed to follow 

the steep power law to 100 keV (Matteson et al. 1975). UHURU observations 

by Oda et al. (1971) showed chaotic temporal variation on a time scale 

of seconds from Cyg X-1. Terrell (1972) showed that the variation could 

be modeled by a random shot-noise process. Rothschild et al. (1974) 

and Oda et al. (1974) have reported even more rapid variations on a 

1 millisecond time scale. 

Although the long-term variations of Cyg X-1 involve major spectral 

changes, the energy dependence of the shot-noise variability on a time 

scale~ seconds, particularly during the low state, is uncertain. 

Weisskopf, Kahn, and Sutherland (1975) and Rothschild et al. (1977) --
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report low state observations consistent with energy independence of the 

shot-noise variability. Oda~ al. (1976) suggest that shots are sup­

pressed at low energies during the high state but have the same relative 

amplitude at all energies during the _low state. Canizares and Oda (1977) 

report a low state observation showing no average hardening or softening 

of the flux in shot-noise flares. 

The purpose of this paper is to report an energy- and time-r~solved 

observation of Cyg X-1, sensitive from 0.15-20 keV, undertaken in order 

to investigate the behavior of the flux at low X-ray energies. Data 

in the band 1.5-42 keV taken in two previous rocket flights (Rothschild 

et al. 1977) have also been reanalyzed to search for any energy dependence 

of the time signature. 

It has been suggested (Garmire and Ryter 1975, Gorenstein 1976) that 

a steep component of the spectrum exists at energies~ 2 keV in the low 

state of Cyg X-1. That component may be related to the steep spectrum 

observed at E > 2 keV in the high state. Because of the poor energy 

resolution of proportional counter detectors at low energies, that 

component could mimic an anomalously low value of interstella~ absorption. 

The inferred X-ray luminosity of Cyg X-1 in the band~ 2 keV depends 

strongly on the interstellar photoelectric absorption assumed to the 

source. There is good reason to believe that the interstellar column 

density NH in the direction of Cyg X-1 is 7 x 1021 cm-2 . Gorenstein 

(1975) and Ryter, Cesarsky, and Audouze (1975) have independently shown 

that there exists a proportional relationship between N (the column 
X 

density of gas with Brown and Gould abundances required to fit the low 
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energy absorption of an X-ray source) and visual reddening for optically 

thin X-ray sources (which would be expected to show no internal absorp­

tion so that Nx = NH). Ryter, Cesarsky and Audouze find Nx/EB-V = 

(6.8 ± 1.6) x 1021 cm-2 while Gorenstein finds N = 2.22 x 1021 cm-2 A, 
X V 

which, for R = Av/EB-V = 3.1, implies Nx/EB-V = 6.9 x 10
21 

cm-
2 

The 

extimated statistical and systematic error in this relationship is less 

than 25 percent. The validity of the Nx/EB-V relationship is supported 

by the fact that for most binary sources (which may contain internal 

absorbing matter) the X-ray absorption N is greater than that expected 
X 

from EB-V (see Gorenstein 1975). Cyg X-1 is exceptional among binary 

sources if it shows Nx smaller than the NH implied by reddening. 

The reddening EB-V to Cyg X-1 measured by ground-based optical 

observations is 1.1 mag (Margon, Bowyer, and Stone 1973; Bregman~ al. 

1973). Vacuum ultraviolet measurements by the ANS satellite indicate 

EB-V = 1.02 for R = 3.1 (Wu, Van Duinen, and Hammerschlag-Hensberge 

1975). Garmire and Ryter (1975) and Gorenstein (1976) conclude from 

these considerations that NH= 7 x 1021 cm-2 in the direction of Cyg 

X-1. 

The column density N determined in an X-ray observation is found 
X 

by folding a distribution dN/dE = C F(E)e-o(E)Nx through the detector 

response and fitting to the measured energy spectrum. F(E) is a 

spectral form (power law, bremsstrahlung, etc.) while e-o(E)Nx is the 

energy dependent absorption term, important only at the low end of the 

spectrum, (e.g., o(E)N ~ (E/1.2 keV)-B/ 3 for N = 7 x 1021 cm-2). 
X X 
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Ideally, a source with no intrinsic photoelectric absorption will show 

N = N. However, an accurate estimate of N is only possible if the 
X H X 

intrinsic spectrum F(E) can be correctly extrapolated to the low energy 

region. The energy resolution of proportional counters (at best~ 30 

percent at 1.5 keV) is insufficient to distinguish a break in the 

unabsorbed spectrum F(E) from an absorption effect, so that an effective 

Nx; NH is measured. If we know the interstellar value of NH, as we 

have reason to believe for Cyg X-1, the measured column density N 
X 

indicates an excess of flux at low energies with respect to F(E) if 

Nx < NH or a deficiency {possibly caused by circumstellar absorption 

Previous experiments have produced a range of values of N for 
X 

"' 5 x 1022 cm-2 Cyg X-1. Events of anomalously high absorption, with N ~ 
X 

seem to be associated with gas streams within the system (Parsignault 

et al. 1975). At other times, N has been measured in the range 1.5 x 
X 

1021 cm-2 to 7 x 1021 cm-3 in both low and high states (Seward et al. 

1972, Li and Clark 1974, Gursky et al. 1971, Stevens, Garmire, and 

Riegler 1972, Heise et al. 1975, Saba, private co1IU11unication). The 

variability of N might be produced by a variable low energy excess. 
X 

Models to explain the hard (E > 2 keV) low-state X-ray spectrum 

of Cyg X-1 suggest the existence of a steep low energy component which, 

depending on its energy and flux, may or may not be observable from the 

earth because of low energy interstellar absorption. It is suggested 

that the hard power law spectrum observed at E > 2 keV results from 



Comptonization of soft photons 

thin (T ~ 1), hot electron gas 
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(E > 50 eV) in a marginally optically 

9 (T ~ 10 K) (Thorne and Price 1975; 
e 

Coe, Engel, and Quenby 1976; Shapiro, Lightman, and Eardley 1976 

(henceforth SLE); Eardley and Lightma~ 1976). Bremsstrahlung photons 

produced in the hot gas are insufficient to produce the observed Comp­

tonized spectrum, hence another copious source of soft photons is re­

quired. That source may be optically thick thermal cyclotron radiation 

of maximum energy E ~ 5 eV in the hot cloud (Eardley and Lightman 
s 

1976), soft X-rays from a cooler region of the accretion disk surround-

ing the hot inner cloud, or radiation from high-density, low temperature 

regions within the hot gas. Eardley and Lightman (1976) suggest that 

the soft photon source which feeds the Comptonized spectrum during the 

low state increases in intensity during the high state to produce the 

steep high state spectrum in the region 2-10 keV. 

This investigation was undertaken to attempt to detect the low 

energy component of the spectrum of Cyg X-1, and to compare its time 

variation to that of higher energy flux. The large flux and rapid 

variability of Cyg X-1 allow us to compare the temporal behavior of 

this source in different energy bands during a brief (in this case, 

84 seconds) rocket e~posure. Possibly one may be able to conclude from 

the behavior of a low energy excess something about the origin of the 

source photons for the power law spectrum. 

In the remainder of this paper, we assume that the true column 

density N is 7 x 1021 
H 

-2 cm . Any smaller measured N thus implies 
X 

a low-energy excess in the source. 
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II. EXPERIMENT DESCRIPTION 

An X-ray astronomy payload prototypical of the Goddard-Caltech­

Berkeley-JPL HEAO A-2 experiment was launched by an Aerobee 200 vehicle 

(flight 26.038) from White Sands Missile Range at 0855 UT 1976 May 11. 

The payload was that described by Rothschild et al. (1974) with the 

following modifications. The previously used xenon detector was converted 

into a propane counter with a thin polypropylene window coated with 

-2 carbon for a total thickness of 130 µg cm , and was regulated at 20 cm 

Hg absolute pressure during the flight. A new slat collimator was used 

2 
with a 3° x 3° (FWHM) field of view and 510 cm maximum effective area. 

This low energy detector (LED) was sensitive to X-rays in the range 

0.15-3 keV. The previously used argon detector was fitted with an 

-2 870 µg cm aluminized mylar window, a similar 3° x 3° (FWHM) collimator 

with 550 cm
2 

effective area, and a gas flow system that was sealed at 

launch with an absolute pressure of 83.6 cm Hg. This medium energy 

detector (MED) was sensitive to X-rays from 0.8 to 20 keV. 

The attitude of the rocket was controlled by a STRAP-IV (Shrewsberry 

!!_ al. 1973) pointing system. The pointing program consisted of attitude 

reference updates on two bright stars, a 20-second exposure to Cyg X-2, 

8 seconds of sky containing no known sources, and 150 seconds of exposure 

to Cyg X-1. The detector system pointed to within 25' of Cyg X-1 during 

its exposure and the total drift was less than 5'. Hence, aspect-induced 

modulation of the signal was not significant. Pointing error and mis­

alignment of collimator panels reduced the effective area exposed to 
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Cyg X-1 to 429 and 500 cm
2 

respectively for the LED and MED. 

High voltage breakdown in the second of five layers in the MED 

commenced 88 seconds into the Cyg X-1 exposure. Consequently, only the 

first 85 seconds of data are used in .the subsequent analysis. 

III. DATA AND SPECTRAL ANALYSIS 

No statistically significant flux above background was detected 

in the 0.15-0.28 keV band during the exposure to Cyg X-1. Figure 1 

shows the combined counting rate for X-rays in three broad energy 

bins (0.6-1.5 keV, 1.5-3.0 keV, and 3.0-20 keV) from both detectors 

for the 85 second span of useful Cyg X-1 data. The apparent temporal 

variability characteristic of Cyg X-1 is far in excess of statistical 

variation, and indeed is one of the distinguishing features of Cyg X-1. 

Data obtained from Cyg X-2 during the same flight are consistent with 

Poisson statistics for a constant source. 

Pulse height information for each X-ray event was digitized into 

128 equally spaced energy channels which spanned 0.15-3.5 keV for the 

LED and 0.8-24 keV for the MED. Data from the Cyg X-1 exposure were 

summed and corrected for background to form raw source spectra for each 

detector. An independent spectral analysis of the data from each de­

tector was made. 

The MED data were fit to a spectrum of the form 

dN I E-cx e-Nxo(E) photons/cm-2 sec-l keV-l 
dE = o 
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Figure 1 

Counting rate obtained during May 1976 Cyg X-1 pointed observa­

tion for 0.6-1.5 keV, 1.5-3.0 keV, and 3.0-6.0 keV. A non-source 

background of 4.2, 2.0, and 1.8 cts/0.1024 second has not been sub­

tracted. 



0
40 : ..,_ t ,P!,k , ~ ~ ~ J t · ~ ,i,J 1

1 .. J..11.1,'f,, -~ . ... .l\~,Ai\U ... ~ 2~ ~- C'rl~V t1'\1'1' • I'~ W ' ll'~~p.; r ,\vfVr,'f' 1 Y,,I-~ } f ~wY ·~1~ 1 nt'i 

40 · 
0 ' 

~ 120~ 
.x ~ 0 L 

1i. ~, ~,; , , i r. j~ 1 .1 l i 
W~ N lj \ 'i,t'i',~Js;, v'ififJ!~l/· 

~ ~L ~ •"(;.'~i~A -.i~•r,J<llr',,j\,li\,~ 
120 130 140 150 160 170 180 190 200 

SECONDS 

Figure 1 

210 

r-' 
.;::-



15 

where a(E) is the interstellar absorption cross section of Brown and 

Gould (1970). For the MED spectrum, the power law index a, X-ray 

absorption N, and intensity I were free parameters. Best fit 
X 0 

2 
(reduced X = 1.22 for 103 d.o.f.) parameters were I = 1.22 ± 0.15, 

0 

a = 1.40 ± 0.07, N. = 2.4 ± 1.2 x 1021 cm-2 (90 percent confidence 
X 

2 
errors derived from increase in x of 6.25) (Lampton, Margan, and 

Bowyer 1976). The smaller number of independent spectral points measured 

by the LED prevent the accurate determination of a and N at the san,e 
X 

time. Instead, I and a were constrained to the values determined by 
0 

the argon detector, then from the LED data, N was found to be 3.4 ± 
X 

0,9 x 10
21 

cm
2 

(90 percent level of confidence, including errors in 

argon detector spectrum, error in the area ratio of the two counters, 

and statistical errors). Values of N measured by both detectors are 
X 

in agreement and are significantly less than the assumed NH. This 

indicates an excess flux at low energy. Figure 2 shows an incident 

spectrum of a= 1.40 and N = 7.0 x 1021 cm-2 , that spectrum folded 
X 

through the response of the two detectors, and the two observed source 

spectra. Note the excess in observed flux below~ 2 keV for both 

detectors. 

In order to estimate the shape of the low energy excess, the 

best fit single power law spectrum with N constrained to 7.0 x 1021 
X 

-2 cm , folded through the detector response function, was subtracted 

from the observed spectrum. The residual flux was then fit to a spectral 

21 -2 form (again with N = 7 x 10 cm ). Best power law fits for the 
X 

excess low energy flux were I 
0 

-2 -1 1 = 2.15 ± 0.3 cts cm sec keV-
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Figure 2 

Spectrum of Cyg X-1 obtained during May 1976 observation. The 

solid line is an incident spectrum of the form dN/dE = E-a e-a(E)Nx 

-2 -1 -1 photons cm sec keV , with a= 1.40 (the best fit value from 

MED data) but N constrained to the best estimate of interstellar column 
X 

21 ~2 
density, 7.0 x 10 cm Dashed curves are the resultant raw spectra 

expected in the two detectors. The points shown are the actual back­

ground corrected spectra .. Note the excess flux at low energies. 
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-2 -1 -1 a= 5.1 ± 0.4 for the LED data, and I = 2.6 ± 0.4 cts cm sec keV , 
0 

a= 4.8 ± 0.5 for the MED data (all errors are 90 percent confidence 

level), The LED and the MED excess could also be fit to a thermal 

spectrum dN/dE = I
0

e-E/kTe-~xcr(E) with kT = 0.29 ± 0.07 keV and 0.35 

0.13 keV respectively (I for a thermal fit is strongly dependent on 
0 

the chosen value of kT, as the observed spectral data is from a steeply 

falling portion of the spectrum). For the LED and MED, I is in the 
0 

-2 -1 range 70 ± 60 and 25 ± 10 cts cm sec keV respectively. The low 

energy excess thus represents a very steep spectral component. It does 

fall within the upper portion of the range of spectral index (2.6 < 

a~ 5.1) seen by UHURU (Schreier~ al. (1971)) at E > 2 keV when 

Cyg X-1 was in the "high" state. It must be noted that the existence 

of a low energy excess depends on the assumption of NH= 7.0 x 1021 cm-2 

A single component power law spectrum with~= 

is also consistent with the data. 

N ~ 3 x 1021 cm-2 
X 

N = 7 x 1021 cm-2 If we assume li , we can calculate the amount of 

the observed flux at low energy that is associated with the soft excess. 

In the energy bands 0.6-1.0 keV and 0.6-1.5 keV, approximately 60 and 

40 percent respectively of the observed photons are in excess of those 

expected. The low energy excess flux forms only 9 percent of the 

total observed photon flux. 

The temporal behavior of the low and high energy flux is analyzed 

in the next section. 
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IV. TEMPORAL ANALYSIS 

a) Hardness Ratio 

A hardness ratio Ri = si,TOT/sifLO was calculated to examine if 

there was any variation of ratio of the low energy flux to the rest of 

the flux on the time scale of the shot noise variability. si, TOT :md 

si,LO are the counts (corrected for background)during bin number i in 

the energy ranges O. 6-20 keV and O. 6-1. 0 keV. Using 82 1. 024 second 

time bins, or rebinning into 820 0.1024 second bins, R showed a scatter 

that was consistent with Poisson counting statistics and a constant 

value of R. Thus no observable energy dependence of temporal behavior 

on a time scale 1-0.1 seconds was noted. 

In order to search with good sensitivity for a systematic trend of 

hardness with intensity, the 0.1024 second bins were sorted into several 

intensity steps. The number of counts in a bin ranged from 31 to 154, 

after subtracting a nonsource background of~ 8 cts/bin. The mean 

hardness R for each intensity step was then calculated (see Figure 3). 

It can be seen that there is no systematic trend of hardness with 

2 intensity. The data are consistent with a constant R (x = 12.68 for 

11 d.o.f.) and constrain the slope a
1 

of a linear relation R = a1 

sTOT + a
0 

to -0.012 ± .027 (90 percent confidence). Note that if s10 

was constant, R would show the linear relation R = (1/s10) sTOT' so 

for s10 = s10 = 4.4 cts/bin, a1 = 0.23. Hence, s10 is not constant 

and it is apparent that the rapid variations seen in Cyg X-1 6ccur with 

equal amplitude across the energy response of this experiment. 



Hardness ratio 

the channels LO and 

20 

Figure 3 

8TOT 
R = sLO versus observed intensity, sTOT' where 

TOT are 0.6-1.0 keV and 0.6-20 keV. All 0.1024 

second bins falling in the intensity step sTOT-5 cts/bin to 

sTOT+S cts/bin are a~eraged to obtain a mean hardness for that step. 
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In order to further characterize the short-term time variability of 

the source, a shot-noise analysis similar to that of Sutherland, Weisskopf, 

and Khan (1977, henceforth SWK) was performed on the data. This analysis 

was done for each of several broad energy bins to check for energy de­

pendence of the shot-noise parameters. 

b) Autocorrelations 

Autocorrelation functions were used to determine the coherence time 

~ of the ehots. The partially unbiased autocorrelation p as defined by . u 

SWK (1977) was calculated for each of four 20.99 second segments of the 

data: 

it, 
u 

R, 
u 

= --~ R 
0 

~-aj N 
= 1 ~ ( ) ( ) + (N-u) ( -) 2 

N ~ si-s s.+u-s 2 r, s.-s . 
i=l 

1 
N (N-1) i=l 

1 

(1) 

The array si is the counting rate summed into N bins, the autocorrelatio~ 

delay u is in integer bins, sis the mean counting rate, and the data 

were summed into 0.1024 second bins. The four values determined for 

each point of the autocorrelation p were averaged to determine a value 
u 

and estimated error. Autocorrelations for the energy bins 0.6-1.5 keV, 

1.5-3.0 keV, 3.0-6.0 keV, and 6.0-20 keV are shown in Figure 4·. The first 

twenty points (excluding u = 0) of each autocorrelation were fit to the 
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Figure 4 

Mean autocorrelations for May 1976 Cyg X-1 data in the energy 

bins 0.6-1.5 keV (a), 1.5-3.0 keV (b), 3.0-6.0 keV (c), and 6.0-20.0 

keV (d). Delay Tis in units of 0.1024 seconds. Errors are lo errors 

estimated from scatter of the autocorrelations calculated from four 

20.99 second data sets. Also shown is the best fit autocorrelation 

(equation [l]) expected for exponential shots. 
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form expected for random exponential shots of decay time T : 
0 

= C (N-u) 
N 

e g(x) 
[ 

-(u-l)x 
2 -

1 
(N-u) [ 

1 ] [ 1 (N-u)] 
l- Ng(x) l+N (N-1) 

(2) 

-Nx 3 neglecting terms of order e and 1/N. N is the number of bins in a 

data sample, Tis the bin width (here 0.1024 second), x = T/T , and 
0 

g(x) = e-x(l-e-x). Note that in the limit of large N, ( p) = e-T/To, 
u 

where T = uT, so that the autocorrelation of a signal consisting of 

exponential shots is an exponential with the same decay time. 

The best fit curves to the autocorrelations are also shown in 

Figure 4. Decay tj_mes T for the four energy bins and for the combined 
0 

data are respectively 1.2 ± 0.5 sec (0.6-1.5 keV), 1.8 ± 1.0 sec (1.5-

3.0 keV), 1.0 ± 0.4 sec (3.0-6.0 keV), 1.3 ± 0.6 sec (6.0-20 keV), and 

1.2 ± 0.6 sec (all photons E > 0.6 keV)(all errors are lo). This result 

is consistent with decay time independent of energy. The best fit auto­

correlations fall below 1 at u = 0, even though the u = 0 term has been 

corrected to first order for counting statistics. This may indicate 

that the autocorrelation falls more steeply than exponentially at small 

time delay, so that an exponential is not the best possible fit to the 

autocorrelation. 
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c) High Time Resolution Autocorrelations 

An autocorrelation of scaler data, which summed all X-ray events 

in the two detectors, was performed with time bins of 1.28 ms to examine 

the behavior of the autocorrelation at very small delay times. Data from 

a previous flight of the payload were similarly analyzed. The experiment 

configuration during two previous flights, October 1973 and October 1974, 

included one sealed detector filled with argon-methane and one with a 

xenon-methane mixture. Windows for both detectors were 1 mil aluminized 

Mylar, so that the energy response was shifted to higher energies in 

the earlier flights (Rothschild~ al. 1977). 

The two "fast" autocorrelations are shown in Figure 5. There is 

no evidence of an upturn at small time delay which might indicate time 

structure faster than that of the shot noise, such as millisecond bursts. 

Such an upturn may not be expected from the suggested millisecond bursts 

because of the low burst rate,~ 0.06 sec-l (Rothschild~ al. 

1977), but the lack of an upturn argues against the existence of a large 

population of millisecond bursts too small to be individually detectable. 

The lack of a downturn of the autocorrelation at small time delay also 

tells something about the shape of the shots. It can be shown that for 

any function f(t), the autocorrelation p(T) can be expanded in a Taylor 

series about T = 0, 

p(T) = 
co 

J 
-co 
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Figure 5 

(a) Autocorrelation function for May 1976 (flight 26.038) data 

calculated from scaler data in 1.28 ms bins. (b) Same for data from 

flight 26.037 (October 1974). Errors are la. 
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as suggested by F. Lamb (private communication). For any continuously 

differentiable function f(t), the linear term is zero, so that the 

autocorrelation has zero slope at T = O. 
-T/T The autocorrelation e 0 

(T ~ 0) of an exponential shot has a finite slope at zero time delay 

because the shot has zero rise time and is thus discontinuous at t = 0. 

The apparent sharpness of the observed autocorrelations near T = 0 thus 

implies a sharp edge to the function f(t). For example, a signal com­

posed of shots with a finite exponential rise of characteristic time Tl 

and decay time T has, in the limit of small bin size and long data 
0 

set length, 

p (,-) = 

-,- /,- -,-/,-1 
,-e 0 -,-e 

0 1 (4) 

When fit to equation (4), the "fast" autocorrelations were consistent 

with O < Tl < 11.5 ms (October 1974) and O < Tl < 19 ms (present flight) 

at a 90 percent level of confidence. Similarly, for the assumption of 

triangular shots with rise-time from half power Tl and fall time to 

half power T
0

, the autocorrelations indicated O <Tl< 20 ms (October 

1974) and O <Tl< 32 ms (present flight). The lack of downturn at 

low time delay of the autocorrelation thus indicates the presence of 

shots with a rapid rise time, or, since the autocorrelation is time-

symmetric, rising shots with a rapid fall time. 
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d) Cross-correlations 

Cross-correlations between data in the low energy band (0.6-1.5 

keV) and in the high energy bands (3.0-20 keV) taken during the present 

flight were calculated to look for any energy dependent time delay in 

the data. The cross-correlation function was defined: 

1 

(N-1-1 u!) 
CC(u) = 

1 
(N-1) 

min(N,N+u) 

~ (si,L0- 5 LO)(si-u,HI- 5 HI) 
i=max (1, l+u) 

N ' 

where si,LO and si,HI are the counting rate in low and high energy 

channels. sLO and sHI are the average values of si,LO and si,Hr· 

N-lul terms are summed in the summation, as lul terms are lost to 

(5) 

"overhang" in the cross-correlation. Cross-correlations were calcu­

lated for each of the four data sets, then averaged in the same way as 

the autocorrelations. Ten 20.99 sec Cyg X-1 data sets from both previous 

flights of the payload were also analyzed to cross-correlate data in the 

bands 1.5-3.0 keV and 12.0-42.0 keV. Results of the cross-correlations 

are shown in Figure 6. 

For exponential shots with equal decay times in the high and low 

energy bands T and lag between shots 6T (in the sense that 6T > 0 
0 

implies that the shots at low energy lag behind those at higher energy), 

a cross-correlation normalized at u = 0 has the form: 
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Figure 6 

(a) Cross-correlation between counts in the bins 0.6-1.5 keV and 

3.0-20 keV for Cyg X-1 data obtained during flight of May 1976. (b) 

Cross-correlation between counts in the bins 1.5-3.0 keV and 12 keV 

for Cyg X-1 data obtained during flights of October 1973 and October 

1974. Delay Tis in units of 0.1024 second. Error bars are lo. 
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I tn I I T-6T I 
( CC ( u) ) = e TO 

e - T 0 
(6) 

in the limit of large data set length N. Since the cross-correlations, 

particularly those of the data of October 1973 and October 1974, seemed 

to show some asymmetry, they were fit to (6) to determine the signifi­

cance of any offset. The following llmits on the offset (at 90 percent 

confidence level) were derived: October 1973 and October 1974, 1.5-3.0 

keV vs 12.0-42.0 keV, -0.041 sec< 6T < -0.004 sec; present flight, 

0.6-1.5 keV vs. 3.0-20.0 keV, -0 . 031 sec< 6T < 0.026 sec. 

The data of the October 1973 and October 1974 flights suggest 

that the high energy flux lags the low energy flux. For all three 

. flights, any time lag has absolute value l6TI < 40 msec. 

e) Shot Parameters 

Energy-binned data of the three flights were fit to the exponential 

shot model worked out by SWK in another attempt to detect an energy 

dependence of the rapid variabilities. In that model, identical expo­

nential shots of zero rise time, decay time T sec, and peak counting 
0 

-1 
rate h cts/sec occur at a rate A sec They comprise a fraction f of 

the time averaged flux, the rest of which is constant. The shot param­

eters were calculated as follows: 

T was derived from the best fit of the autoeorrelatimn t~ (2). 
0 
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hT 
3 ( M3) 

(7a) = 2(v ) 
s 

( V) 3 
). -r 8 s 

, and (7b) = 
0 9 

( M )·3 
3s 

4 
( V) 3 

f s (7c) = 
3 (M3s )( g) 

(M
3 

), (V), and (s) are the third moment, variance, and counting rate 
s s 

per bin corrected for binning, photon statistics, finite data set length, 

and background (SWK). The shot parameters were calculated for each 

20.99 second data set, then averaged to determine the value and error 

of the true shot parameters. The values calculated are tabulated in 

Table 1. The large errors quoted are mainly due to scatter in the 

third moment M3 , which is not well determined by the relatively short 

runs of data used. 

The parameters derived are similar to those derived from UHURU 

data on Cyg X-1 by SWK. It is clear that not all of the flux is in 

shots. There is a significant difference in shot fraction, decay time, 

and rate between the present flight and the two earlier flights. Though 

photons detected in the xenon-argon detector configuration of October 

1973 and October 1974 had a substantially higher mean energy than in the 

later flight, it is difficult to ascribe the difference in shot paramet·ers 

between the flights to an energy dependence, because of the lack of 
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energy dependence of these parameters within each set of data. The 

results listed in Table 1 are consistent with shot parameters on each 

flight being energy-independent. 

f) Time-skewness 

Since the autocorrelation function is time symmetric, the expo­

nential autocorrelation, eq. (2), of a signal composed of rising expo­

nential shots with zero rise time is identical to that of a signal of 

rising exponential shots with zero fall time. In order to separate 

these possibilities, the time-skewness function of the data was 

calculated, 

TS(u) = 
1 

N-1-lul 

min(N,N+u) 

I: 
max(l,l+u) 

2 
s. 1-u 

2 
- s. s. ) 

1 1-u 
(8) 

as suggested by Katz (private communication). Note that TS(1) = 

-TS(-1) and TS(0) = 0. In the limit of small bin size T/1 and large 

data set length N the expected value of time-skewness for the expo­

nentially falling shot signal defined above is: 

TS(T) (9) 

For rising exponential shots, ( TS(1)) is of opposite sign. 

The time-skewness function evaluated at 1 ~ u .~ 48 (0.10 sec~ 

T ~ 4.92 sec) was calculated for each 20.99 sec data set of the data 

from the three flights and averaged. Data of all energies were summed 
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to improve statistics. Mean time-skewness functions are shown in 

Figure 7. The expected time-skewness for falling exponential shots 

with~, h, and T as calculated above are also shown. 
0 

The two mean time-skewness functions were fit to the form 

TS(T) = Ce-T!To(l-e-T/To) in order to compare the expected and 

observed time-skewness. For the shot-noise parameters calculated 

for the data from the present flight, we expect 0.97 x 106 < C < 

6 106 9.3 x 10, while the calculated time-skewness allows -0.71 x 

< C < 0.25 x 106 (lcr error) for T = 1.20s. Similarly, for the earlier 

data, we expect for falling exponential shots 2.2 x 10 7 < C < 14 x 10
7 

while the calculated time-skewness implies -0.29 x 10
7 < C < -0.14 

for T = 0.68 seconds, Though the time-skewness functions calculated 
0 

look more like those expected for rising exponentials than for falling 

exponentials, they are consistent with neither. The absolute value 

of the time-skewness is rather smaller than expected, which would 

seem to indicate that the actual shots are more time-symmetric than 

exponential ones. 

This discrepancy between shot-noise parameters and the time­

skewness is not surprising considering the ad hoc nature of the shot 

assumption: that the observed signal consists of shots of identical 

size and shape. If the signal is composed of shots with a distribution 

of parameters, the relation between the autocorrection, time-skewness, 

and other calculable quantities can be quite different. Consider a 

signal composed of randomly occurring rectangular shots of constant 

height hand width T distributed such that: probability that Tis in 
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Figure 7 

(a) Time-skewness function calculated for 0.6-20 keV data from 

flight 26.038 (May 1976). (b) Same for 1.5-42 keV data of October 

1973 and October 1974 (flights 13.010 and 26.037). Error bars are 

lo. Delay Tis in units of 0.1024 second. Shaded region is the lo 

range of time-skewness expected for falling exponential shots with 

shot parameters as derived from the data. 
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the range T to T + dT dr.. dT 
- dT · 

The autocorrelation of this signal is identical to that for exponen­

tial shots, 

(11) 

However, since each square shot is time-symmetric, the time-skewness 

of the signal vanishes. 

dr.. " e-TIT 0 A purely exponential distribution of rectangular shots dT = "-_, 

produces an autocorrection p(T) = e-Tl'T'o - T/To E1 (T/T
0

) which falls 

more steeply than an exponential. This distribution of shots, too, may 

provide a satisfactory fit to the calculated autocorrelations, which 

indeed deviate from an exponential fit in the sense that they are too 

steep at small time delays. Consideration of an exponential distri­

bution of rectangular shots could prove to be informative in testing 

specific physical models. For example, consider the hypothesis that 

the rapid variability (~ ls) of Cyg X-1 arises from statistically 

independent and distinct "hot" spots and that, apart from possible 

millisecond blips (e.g., due to the eclipse of the disturbance by a 

blackhole (Sunyaev (1972)), the observed radiation to be associated 

with each spot is essentially constant during the lifetime of that 

spot (i.e., they are not flare-like). Furthermore, consider that the 

probability per unit time for a spot to disappear (e.g., cross the 

event horizon) is also independent of time and that the spots are 

otherwise identical (i.e., same height). This very simple model of 

temporal homogeneity for the spots leads to rectangular "shots!' 
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-T/T distributed such that dA/dT = AO e o, 

If the description of the shots includes a distribution of shot 

frequency over parameter space, the problem of shot description is 

quite underdetermined, The exponential shot model is probably still 

useful, not in a literal sense, but to assign some characteristic values 

to a rapidly varying signal. 

g) Millisecond Bursts 

A search was made for millisecond bursts ~s described by Rothschild 

et al. (1974) over 84 seconds of exposure to Cyg X-1. None were seen 

when less than one spurious burst was expected by chance. This method 

would not have detected bursts similar to those previously seen if the 

total detector counting rate was half or less of that for the Oct. 1973 

flight (Rothschild et al. 1974). In this flight the exposed effective 

area and detector counting rate were 75 percent of that flight. If the 

bursts are not soft (minimum energy> 2 keV), then less than half of 

the area of the Oct. 1973 flight was available for burst detection, 

and it is not surprising that none were detected. Another possibility 

is that the statistics of small numbers conspired against us. That is, 

the burst rate from the two earlier flights was .057 sec-l (13 bursts 

in 230 sec exposure) so that we would expect a mean of 4 1/2 bursts in 

84 sec. However, if the bursts are randomly distributed, there is a 

1 percent chance of no bursts in 84 sec. A third possibility is that 

burst visibility is orbital phase dependent. The May 1976 flight 

occurred at orbital phase 0.82, while the earlier flights both were 

at phase 0.17. 
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V. CONCLUSION 

The most striking feature of the data is the absence of energy 

dependence of the temporal variation. of Cyg X-1, Cyg X-1 is thus 

different from the X-ray pulsators Her X-1 and Cen X-1, which show 

a decreasing pulsed fraction at lower energie~ (Shulman et al, 1975; 

Long, Agrawal, and Garmire 1975). Explanation of the low energy 

excess of Cyg X-1 as the emission fro:n an extended region separate 

from the high energy source, as in the pulsators,is thus not tenable. 

The stability of the power-law spectrum of Cyg X-1 through the 

shot-noise variation,as evidenced by constant hardness ratios, and the 
I 

lack of energy dependence of shot-noise parameters, suggest that the 

spectrum has a Comptonization origin. SLE propose a model in which the 

hot inner accretion disk produces the power-law spectrum by Comptoni­

zation of soft photons. In this model the inner disk is quite uniform 

in temperature and optical depth. Thus, each region of the inner disk 

contributes roughly the same spectrum as the entire source, so that a 

flare which emphasized one region would have the mean spectrum. The 

Comptonized spectrum is buffered against changes in the source luminosity, 

so that the variations in intensity over seconds of a factor of 2-3 

seen in Cyg X- 1 would not be expected to affected the spectrum, The 

power-law spectrum would thus be little affected either by local flares 

or overall brightenings of the inner disk. A Comptonized spectrum is 

thus suggested on the basis of the stability of the power-law portion 

of the spectrum alone. 
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When combined with the conclusion that there is an excess flux 

above the power-law spectrum at low energies, the lack of energy 

dependence of the shot-noise variability indicates a soft X-ray com­

ponent in a constant ratio to the power-law flux. That source must 

be modulated by the same mechanism as the hard X-rays. Our under­

standing of the shot noise variability is confused by the fact that 

it does not occur on time scales typical of the inner accretion disk. 

From the SLE model, characteristic timescales of the hot "two-temperature" 

region responsible for the power-law spectrum can be calculated. 

Assuming black hole mass ~ole = 10 M0 , mass accretion rate 

~ = 7 x 1017 g sec-land viscosity parameter a, the following times 

GM are characteristic at a radius r = 10 2 , inside the hot inner region: 
C 

-4 light-crossing time= r/c ~ 5 x 10 sec, 

3/2 -1/2 -2 
Kepler time a 2~r (~ole) ~ 10 sec, 

3/2 kT I: 
electron thermal time= ____ e_ 

mpF 
sec, 

and drift time• v /r ~ 6 x 10-3 (~)116 
r 0.1 sec, 

where tis the disk surface density, v is the radial velocity, and F r 

is the luminosity per unit surface area from each side of the disk. 

The shot decay time T ~ 1 sec observed in this and other experiments is 

uncharacteristic of the time scales expected for flares and instabilities 

in the inner region. During one shot decay time, the contents of the 

hot inner region are replaced several times. 
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If we assume that the excess flux observed at low energies is 

the tail .of the distribution of soft .photons that feed the power law 

spectrum, certain constraints can be set on the origin of the soft 

flux. If cyclotron radiation from the expected equipartition magnetic 

field in the i~ner disk of B ~ 107 gauss is optically thick up to the 

50th ha,·monic, as suggested by Eardley and Lightman (1976), any cyclotron 

photons should have a maximum energy of 5 eV. The energy of the 

observed soft flux thus rules out thermal cyclotron radiation in the 

inner disk as a source. The spectral data allow an origin for the 

soft flux from bremsstrahlung from the thin disk outside the inner 

region, or from cool dense condensations within the inner region. 

Instability on a time-scale of seconds may occur in the cool disk 

outside the hot region. It might be expected that resulting changes 

in the soft flux might be reflected by proportional changes in the 

power law spectrum, as the number of soft photons Comptonized changes. 

However, SLE have shown that the temperature of the inner region will 

be adjusted in order to radiate the energy produced in that region. 

This adjustment will take place on a thermal time scale. Variability 

in the soft flux on a time-scale of seconds thus could not modulate 

the power law flux. In the context of a Comptonization model, the small 

thermal time scale of the electrons implies that a soft-hard X-ray 

proportionality is also a proportionality between the soft X-ray flux 

and the energy flux into the electrons. 
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An increase in the soft flux from the cooler regions outside the 

inner disk, that was caused by a change in the mass flow rate through 

the disk,might be followed by an increase in power-law luminosity, as 

the extra flow reached the inner region. A lag of order the drift time 

through the portion of the cool regi?n responsible for the soft flux 

would be expected between the brightening at low and high energies. 

However, the dr~ft time is of order tens of seconds (Novikov and 

Thorne, 1972) while the lag indicated by the cross-correlations is 

not more than 40 ms. There thus appears to be no mechanism to couple 

variations in the inner disk and the region exterior to it on a shot­

noise time scale. We suggest that the soft and hard X-rays must 

originate in the same region (the soft flux coming perhaps from cool 

condensations inside the inner region). 

The time lag sugge~ted by cross-correlation data is in the sense 

expected for a Comptonized spectrum: high energy flux lags low energy 

flux. In the Comptonization region, cool photons increase in energy 

~ 
4kT rhot 

by a factor 
e Compton collision time t An -= --- per = 

E 2 C c,-m C es e 

increase in intensity at high energy EHI should lag the increase at 

E 
Ln(EHI) 

lower energy E10 by a delay AT of order AT~ ___ L_O_ tc, since 
l.\E: 

.e,n <E> 

collisions are required to bring photons from the low band up 

to the high band. Similarly, if the un-Comptonized soft flux is observed, 
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.tn( ~I ) 
E a delay AT~ s tc should be observed, where EHI is high energy 

.tn~) 

band observed and ES is the mean energy of the soft source (not 

necessarily the energy of the tail of the soft flux being observed). 

One expects, for the SLE model parameters above, AT(0.6-1.5 keV vs> 

3.0 keV) ~ 0.4 .tn(4E0 keV) t ~ 2 x l0-4s for E = 50 eV (the factor 
S C S 

0.4 represents. the fraction of soft flux seen in the 0.6-1.5 keV band). 

15 keV -4 
Similarly, AT(l.5-3.0 keV vs 12-42 keV) ~ 1,n(2_5 keV) tc ~ 1 x 10 s. 

The time lag AT(l.5-3.0 keV vs 12-42 keV) of 22 ± 18 ms suggested ~y 

the cross-correlation data from the first two flights would imply a 

Comptonization region much different from that of the SLE model. For 

similar electron temperature and optical depth, a hot region~ 200 

8 
times the extent of the SLE two-temperature region, with rhot~ 3 x 10 cm, 

would be required. This result would support a coronal model of Cyg X-1, 

in which the X-ray flux is produced by Comptonization in a hot corona 

extending .above the accretion disk (Price and Liang, 1975; Bisnovatyi­

Kogan and Blinnikov, 1977; Piran, 1977). 

The time-skewness calculation indicates that the variability of 

Cyg X-1 is the result neither of rising nor of falling identical 

exponential shots. The sign of the time-skewness rules out any distri­

bution of falling shots. We concur with Canizares and Oda (1977) that 

there is a fundamental distinction between the activity of Cyg X-1 and 

to astrophysical burst phenomena, which shows a fast rise and slower 

decay. There is thus no obvious analogy to be made between Cyg X-1 and 

the X-ray bursters. 
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The lack of time skewness cannot be the result of shots which 

rise and fall gently ('T" ~ ,- d ~ 1 second), as an upper limit to up own 

rise or fall time is set by the sharpness of the autocorrelation at 

small,-. A distribution of square shots with similar rapid rise and 

fall times may be allowed~ We are led to the conclusion that the shot­

noise variability is the result of a distribution of shots with different 

parameters. There is therefore no decay time common to all the shots 

which might be interpreted as a reverberation time. This result is 

not sur?rising,as a characteristic time of order the shot time would 

be long even for a coronal model. 

The upper limit to shot rise or fall time set by the "fast" 

autocorrelations implies a time scale :5 0.01 sec in variability of 

Cyg X-1. That time is among the fastest measured for an astrophysical 

event, but it may be allowed in a "slow", extended corona model of 

Cyg X-1. Further data would be valuable to extend this analysis to 

look for tirqe scales of the order expected from present •·· compact" 

models such as that of Shapiro, Lightman, and Eardley. Refinement of 

the autocorrelation at small time delays may indicate the characteristic 

time of the shot edges. The time lag of high energy flux suggested 

by these data, if confirmed by cross-correlations of a more extensive 

data set, would require an emission region in Cyg X-1 larger than 

expected by present theory. 



Decay Time To (sec) 

Shot Fraction f 

Shot Rate A(sec-1) 

Detected Counts Per 
. Shot hT0 

Shot Rise Time ,. 1 
(seconds, 901, confi­
dence range) 

Shot Lag AT between 
6-20 keV and 0.6-1.5 
keV bands (seconds, 
9~ confidence range) 

Decay Time To (sec) 

Shot Fraction f 

Shot Rate A(sec-1) 

Detected Counts Per 
Shot hT0 

Shot Rise Time T 1 
(seconds, 901, confi­
dence range, Octo­
ber 1974 data only) 

Shot Lag AT between 
12-42 keV and 1.5-3.0 
keV bands (seconds, 
90~ confidence range) 

All errors are la. 

TABLE 1 
SHOT NOISE PARAMETERS FOR CYG X-1 

0.6-1.5 keV 
1.2 ±0.5 

0.26±0.15 

0.6 ±0.2 

40±50 

1.5-3.0 keV 

o. 77±0.14 

o. 36±0.18 

3.0 ±1. 3 

44±16 

May 1976 
1.5-3.0 keV 3.0-6.0 keV > 6.0 keV 
1.8 ±1.0 

0.41±0.11 

1.3 ±0.6 

160±90 

1.0 ±0.4 

0.27±0.37 

1. 7 ±0.5 

40±25 

1. 3±0.6 

* 
* 
* 

October 1973 and October 1974 
. 3.0-12.0 keV >12.0 keV 

0.65±0.10 0.68±0.13 

0.66±0.13 0.42±0.10 

3. 2 ±1. 2 1. 3 ±0.4 

124±40 25±10 

*Number of counts in bin insufficient to determine parameters. 

All Data 
1.2 ±0.6 

0.38±0.06 

1. 2 ±0.5 

270±140 

0<,-1 <0.019 

-0. 031<AT< 0.026 

All Data 

0.68±0.09 

0.63±0.14 

3.8 ±1. 1 

285±95 

O<T1<0.012 

-0.041<6,- < -0.004 

.po 

'° 
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CHAPTER 2 

A ROCKET OBSERVATION OF CYG X-2 
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I. INTRODUCTION 

The primary scientific purpose of Aerobee flight 26.038 was a time 

resolved proportional counter observation of Cyg X-1 at low and medium 

X-ray energies (see Chapter 1). To verify experiment performance, it 

was felt desirable to make a short pointed observation of another cosmic 

X-ray source during the mission. The second source was chosen to be one 

for which variation on a time scale of seconds would not be expected, 

in order to show that the chaotic variability expected from Cyg X-1 was 

not a detector artifact. The source thus chosen for a 20-second observa­

tion was Cyg X-2. 

Cyg X-2 appears to be similar to Seo X-1, the brightest persistent 

X-ray source in the kilovolt band (c.f., Peimbert et al. 1968). Both 

sources appear to be members of the class of unpulsed X-ray sources with 

soft spectra ((E) < 10 keV), in contrast to the X-ray pulsatorswhich show 

hard spectra (Maraschi et al. 1977). Other sources for which a soft 

spectrum and lack of pulsations have been demonstrated include the 

bright X-ray transient A0621-00 (Bradt and Matilsky 1975), and several 

bright galactic center X-ray sources, including GX5-1, GX9+1, GX17+2, 

GX340+o, and GX349+2 (Gorenstein, Giacconi, and Gursky 1967; Cruddace 

et al. 1972; Rappaport et al. 1971; Rappaport, Bradt, and Mayer 1971). 

Most of the still unidentified galactic sources seem to fall in this 

class. 
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Understanding of the hard X-ray pulsators is facilitated by the 

wealth of periodic phenomena detectable in these systems. Most of the 

pulsators have been identified as binaries from X-ray eclipse, Doppler 

shift, and optical identification data. The hard X-ray pulsators are 

understood to be binary systems consisting of a normal star, usually 

of early type, and a neutron star rotating at the pulsator period, which 

accretes matter to produce X-rays. In contrast, analysis of the unpulsed 

X-ray sources has been frustrated by the lack of a phenomenological 

"handle". Among the sparse data about periodic behavior of these sources 

is a 0.79-day period of Seo X-1 seen in optical emission line radial 

velocities (Cowley and Crampton 1975), and a reported 11.2-day X-ray 

modulation of Cyg X-2 (Holt et al. 1976). 

Though it is thought to be similar to Seo X-1, observations of 

Cyg X-2 have been limited in comparison to observations of its alleged 

compatriot (see Arons and Rothschild 1975). The preference for Seo X-1 

is the result of the factor of~ 30 difference in flux between the two 

sources (Giacconi et al. 1974). Because of its brightness, observation 

of Seo X-1 was not difficult even with the spinning rocket payloaqs of 

the early days of X-ray astronomy, while to obtain good counting statis­

tics on Cyg X-2, a slowly scanning or pointed detector is required. 

The observation of Cyg X-2 during flight 26.038 was undertaken 

in hopes of finding some spectral or time signature which might be 

amenable to analysis. The high time resolution and pointed observation 

allow searches for fast periodicity which had not been previously under­

taken. Failure to detect pulsations from Cyg X-2 would serve to secure 

its place in the class of soft unpulsed galactic X-ray sources. 
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II. OBSERVATIONS 

A 20-second pointed observation of Cyg X-2 was made just prior 

to the extended observation of Cyg X-1 (see Chapter 1) during Aerobee 

flight 26.038. The detector payload is described in Appendix A. 

Approximately 24,000 counts above background were detected from Cyg X-2 

during the pointing, so that spectral and temporal analysis of the data 

could be done with good statistical accuracy. 

Spectral information from the two detectors were analyzed separately. 

Data from the MED were fit to a hydrogen bremsstrahlung spectrum 

dN C -E/kT -on -2 -1 -1 
dE =Ee e x, with C = 2.9 photons cm sec keV , kT = 4.4 ± 

21 -2 0.4 keV, and n in the range 0.0-0.8 x 10 atoms cm ,with 90% degree 
X 

of confidence, That the fit was satisfactory is indicated by a minimum 

2 x of 0.96 per degree of freedom. The raw spectral data and best fit 

bremsstrahlung spectrum, folded through detector efficiency and broadening, 

are shown in Figure 1. Because of the low value of source absorption, 

most of the observed low energy absorption is from the detector window. 

The most ,significant spectral constraint set by the LED data came 
i 

from the 1/4 keV detector band, where a low value of n would produce a 
X 

detectable flux. Data in the 1/4 keV band are confused by irregularities 

in the low energy diffuse background. A difference in background between 

the background region scanned in transit between Cyg X-2 and Cyg X-1 

and the vicinity of Cyg X-2 seems to be the cause of a negative 1/4 keV 

signal (corrected for background) from Cyg X-2. Preliminary HEAO A-2 

data suggest the presence of several soft X-ray sources in the region of 

Cyg X-1, which may also serve to confuse the 1/4 keV background measure­

ment. If we assume an upper limit to the flux in the 1/4 keV band from 
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Figure 1 

Medium energy detector spectrum of Cyg X-2 derived from a 20 

second observation during flight 26.038. The points are the pulse 

height analyzed raw spectrum of Cyg X-2. Vertical error bars repre­

sent la counting statistics. The stepped curve through the points 

is the best fit incident spectrum dN/dE = 4.4 e-E/(4 •4 keV) -an e X 
' 

21 -2 where n = 0.1 x 10 hydrogen atoms cm . 
X 
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Cyg X-2 of three times the difference in flux measured at Cyg X-2 and 

the background region, the absorbing column density n must be not less 
X 

21 -2 
than 0.4 x 10 atoms cm . Observations by the low energy detectors 

of the HEAO A-2 experiment, which scan the region of Cyg X-2 repeatedly, 

and can thus better establish the 1/4 keV background at the source, 

may substantially lower this upper limit on the 1/4 keV flux from Cyg X-2. 

Though Cyg X-2 is clearly variable on a time scale of days (Holt 

~ al. 1976), no evidence for fast variability was evident during the 

pointed observation. Scaler data (the sum of all counts between thresh­

olds in the LED and MED) summed in 1.28 ms bins showed a distribution 

consistent with Poisson counting statistics for a constant source. An 

array of 32768 320 µsec bins of scaler data was transformed by a fast 

Fourier transform (FFT) to search for possible periodicities. Any 

periodic modulation of Cyg X-2 of pulsed fraction f > 8%, where flux 

2nt 
I(t) = I 0 (1 + f cos P), would have been detected at a confidence 

level greater than 99% for any period in the range searched. We thus 

conclude that the flux from Cyg X-2 has a mean pulsed fraction less than 

8% for 640 µsec< P < 10.24 sec in the X-ray band observed in this 

ex per imen t. 

III. DISCUSSION 

The thermal bremsstrahlung spectrum of Cyg X-2 measured during this 

flight agrees well, except for intensity, with previous measurements by 

-2 -1 -1 
Bleach etal. (1972)(C = 1.4 ± 0.3 photons cm sec keV , kT=4.5 ± 0.7keV, 
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22 -2 
n < 2 x 10 atoms cm ), and Stevens, Garmire, and Riegler (1972) 

X 

21 -2 (C = 1.4 ± 0.4, n = 0.8 ± 0.4 x 10 atoms cm , with kT assumed equal 
X 

to 4.5 keV). The factor of two intensity difference between the three 

rocket observations can be explained by the day-to-day variations seen 

by the Ariel V All-Sky Monitor experiment (Holt et al. 1976). The 

X-ray spectrum of Cyg X-2 is thus similar to Seo X-1, which typically 

has kT ~ 5.5 keV (Culhane et al. 1975). The spectrum measured on this 

flight, as well as the observed lack of pulsation, serves to confirm 

the similarity of the Cyg X-2 and Seo X-1 systems. 

It has been suggested by Elsner and Lamb (1976) and by Maraschi, 

Treves, and van den Heuvel (1977) that the soft unpulsed X-ray sources 

generate energy by the same process as the hard X-ray pulsators, i.e., 

by mass accretion onto a neutron star. X-ray pulsation at the neutron 

star period would be suppressed if the neutron star has no magnetic 

field to channel the accretion flux, or if the magnetic field was aligned 

with the neutron star axis of rotation. Even if the rotating neutron 

star had an offset magnetic field, pulsations could be suppressed if 

the flux from the neutron star had to emerge from an optically thick 

cloud about it. Compton scattering within the cloud would smooth the 

time variation of the flux from the neutron star. Transfer of energy 

( 1:J.E/E ) = - E/m c 2per collision, from high energy photons to cooler 
e 

electrons, could transform incident hard spectra into the softer spectra 

observed in the nonpulsed sources. The emergent spectrum from a cool 

electron cloud of optical depth T is cut off at E > E , where es max 
2 2 

E = m c 1/T (Illarionov and Sunyaev 1972), so that a 
max e es 
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"pseudo-bremsstrahlung" spectrum cooler than the original spectrum can 

be generated. To produce a spectrum similar to that of Cyg X-2, we 

require E about 10 keV and thus T about 7. In the remainder of max es 

this discussion we examine whether the picture of Cyg X-2 as a hard 

X-ray pulsator such as Her X-1,hidden in a cloud optically thick to 

Compton scattering,is consistent with observations. 

A sharp X-ray pulse generated inside a region optically thick to 

Compton scattering is spread and delayed as it diffuses outward. For 

a spherical cloud of radius Rand uniform density n, a pulse I(t) = 

I 0o(t) is spread so that 

C I(t) = I 
emergent O n5/2RT 

es 
(2u)-5/2 -l/2u 

e (1) 

in the diffusion approximation T ~ few (Canizares 1976). The dimen­
es 

sionless time u is in units of the typical photon escape time u = 

ct/RT , where T = Rno es es es 
If a sinusoidal signal I ( t) = I 0 (1 + f coswt) 

is input at the center of the cloud, the emergent signal is smoothed 

and delayed so that 

(
RT W) 

I(t) =I
0

{1+fA es 
emergent c (

RT W) 
cos [wt-~ ces ]} , (2) 

so that the pulsed fraction of the flux is reduced by the factor A. 

The functions A(RT w/c) and (RT w/c) are shown in Figure 2. To 
es es 

reduce a signal originally 100% pulsed (f=l) to the< 8% modulation 

observed for Cyg X-2, we require RT w/c > 21, or es 

R T 8 es 
p3 

> 1 , (3) 
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Figure 2 

Smoothing functions A(w') and ~(w'), where w' -
RT w 

es 
C 
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where R8 = R/10
8 

cm and P3 = P/10-3 seconds. A lower limit to the 

optical depth of the cloud T ~ 2-3 is set because unscattered photons es 
-T would show the intrinsic pulsations attenuated by the factor e es. 

The low value of low energy absorption observed in the spectrum 

of Cyg X-2 indicates that photoelectric absorption in the Compton 

scattering region must be suppressed below that expected for cool matter. 

The presence of X-ray flux at 1 keV indicates that oxygen, the pre­

dominant absorber at that energy, must be almost completely ionized. 

An even more severe constraint on the ionization state of the scatter-

ing region is set by the absence of a feature at the iron K edge (7.1 

keV). There is no evidence in the spectrum obtained during flight 

26.038 for emission or absorption at the iron edge. We may assume 

conservatively that the effective optical depth to photoelectric 

absorption by iron in the cloud 

= T (8 keV) T < 1, 
pe es 

where T is the optical depth to photoabsorption of the cloud, pe 

T = Rncr pe pe 

(4) 

The low value of photoelectric absorption thus required can be 

achieved only when most of the iron is completely stripped of electrons. 

We thus consider only the ionization states Fe XXVI and Fe XXVII, assum­

ing that the abundance of other species is negligible. For matter with 

normal cosmic abundances, 

T (8 keV) pe 
T 
es 

= 0.50 f , (5) 
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where 

f = 

(n26 and n27 are the number densities of Fe XXVI and Fe XXVII.) 

Equations (4) and (5) imply 

f < 2.0 --2 
T es 

(6) 

Photoionization is the dominant mechanism of ionization in the 

region around an X-ray source (Hatchett, Buff, and McCray 1976). The 

equilibrium ratio n26 /n27 is determined by equating ionization and 

recombination rates 

co 

J 
7.1 keV 

L(E) 
-- a(E)dE = 

E 

where L(E) is the X-ray source luminosity, a (E) is the cross section pe 

to photoionization of Fe XXVI, and a is the recombination rate of 

3 -1 Fe XXVII in cm sec . The observed luminosity Lb (E) is softer and 
0 S 

less ionizing than the flux in the inner regions of the scattering 

cloud, since the X-ray spectrum loses energy to the electrons as it 

propagates outward. An upper limit to the ionizing luminosity L(E) 

anywhere in the cloud can be estimated by assuming that the input 

spectrum has the same form as the spectrum of an X-ray pulsator. For 

Her X-1, dN/dE ~ E-l for 1 keV < E < 25 keV (Holt et al. 1974). We 

-1 assume for Cyg X-2 an upper limit spectrum of dN/dE = CE normalized 

to the observed flux at 1 keV. For a= 2.0 x 10-B T-0. 5 cm3 sec-l 
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(Allen 1973), equation (7) can be evaluated 

(8) 

where 136 is the observed source luminosity for E > 0.5 keV in units 

36 1 
of 10 ergs sec- (the flux observed in this experiment implies 

2 
1 36 = 2.3(d/l kpc) ). Cathey and Hayes (1968) conclude that if the 

G-type star which produces the absorption lines in the optical spectrum 

of Cyg X-2 is a main sequence dwarf or a subdwarf, 570 pc< d < 940 pc. 

T6 is the cloud temperature in units of 10
6 

°K. Since nR = 1.5 x 1024 

n26 = 0.068 RT 1 -lT -l/2 
n27 8 es 36 6 (9) 

For the small value off required by (6), f can be approximated by 

n26 /n27 , so that equations (6) and (9) can be combined 

(10) 

The photoionization upper limit on scattering cloud radius (10) 

and the smoothing function lower limit on radius for a given pulsation 

period (3) can be combined to set an upper limit to the period of a 

pulsed X-ray source imbedded in the cloud: 

(11) 

A source of longer pulse period, embedded in a cloud small enough that 

iron could be substantially photoionized, would have to show observable 

pulsations. 



64 

The upper limit to P set by (11) is a factor of 25/T 2 less 
es 

than the period of the fastest known X-ray pulsator, SMC X-1. Serious 

theoretical objections exist to accretion onto such a rapidly rotating 

object (F. Lamb, private communication). It is thus not likely that 

Cyg X-2, and, by analogy, the other soft unpulsed X-ray sources, differ 

from the X-ray pulsators only by the presence of a scattering cloud 

about the neutron star. Pulsations of the neutron star may be intrin­

sically not present if there is not a strong magnetic field offset from 

the rotational axis channeling the accretion flow. 

The lack of pulsations from Cyg X-2 observed in this experiment 

confirms the phenomenological identification of that source as a member 

of the class of soft unpulsed X-ray sources. The featureless spectrum 

observed places severe constraints on a model of those sources as "X-ray 

pulsators in a cloud,'' It appears likely that, if the non-pulsating 

sources contain neutron stars, they are intrinsically different, perhaps 

because of changes in the neutron star on an evolutionary time scale, 

from the hard X-ray pulsators found in early-type binaries. 
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CHAPTER 3 

PHOTOMETRY OF AM HERCULIS: A SLOW OPTICAL PULSAR? 
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I. INTRODUCTION 

AM Herculis, originally classified as a semiregular variable by 

Meinunger (1960), was found to have an old nova-like spectrum by Bond and 

Tifft (1974). Berg (1975) reported rapid photometric variability of the 

object. A bright variable soft X-ray source was discovered by Hearn, 

Richardson, and Clark (1976) near the position of the star. After the 

discovery by Cowley et al. (1976) of photometric and radial velocity vari­

ations, and by Tapia (1976) of linear polarization events, all showing a 

h 3.1 period, the identification of a modulation of the X-rays at the same 

period confirmed the identify of AM Her with the X-ray source (Hearn and 

Richardson 1977). Analysis of OS0-8 observations by Swank et al. (1977) 

revealed that the bulk of the observed system luminosity appears as hard 

X-rays in the 2-60 keV region. The early findings prompted independent 

observational research of the system by various groups. We present here 

results of multicolor photoelectric monitoring of the system during late 

spring, summer, and fall 1976. 

II. OBSERVATIONS 

Observations were made at the Mt. Wilson and Palomar Observatory 

1.5 meter telescopes. All magnitudes presented here are based on dif­

ferences between the variable and a comparison star, AM Her W, located 

s approximately 9 Wand 80" N of AM Her. Mean magnitudes and colors of 

AM Her Ware V = 12.20, U-B = 0.05, B-V = 0.58, and V-R = 0.54. Multi­

color photometry was performed by sequential integrations in a three or 

four filter cycle. It was thus necessary to interpolate the raw counting 

rate for each filter to an intermediate time in order to reduce the 
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measurements to the UBV system or the UBVR system of Sandage (1973). 

Variability on time scales less than the filter cycle (30-40 s) has thus 

been smoothed out. 

Figure 1 shows the V light curve for AM Her for seven telescope runs 

from 1976 May through November. Observations taken before 1976 October 

were acquired in one or two hour spans rather than through a full cycle. 

However, data can be phased together to form a composite light curve of 

each run. The period used was determined by fitting the times of minima 

of Berg (1976), Olson (1977), Szkody and Brownlee (1977), and the present 

data to a constant period. A least-squares fit leads to the period 

P = 0.128928 ± 0.000001 days (one sigma error). The epoch used is that 

of the linear polarization event (Tapia 1977): HJD 2443014.765. 

III. LIGHT AND COLOR CURVES, AND FLARES 

The light curve shows periodic variability, including a deep, broad 

primary minimum centered at t = 0.56 P and, in some cases, a secondary 

minimum at t = 0.11 P (Fig. 1). These periodic effects become larger 

with increasing wavelength (Fig. 2). It can be seen that the system 

becomes bluer during both primary and secondary minima (Fig. 3). The 

secondary minimum is coincident with the X-ray eclipse observed by Hearn 

and Richardson (1977) during 1976 May 21-22. It also agrees very well 

with the phase (t = 0.03 - 0.24 P) of a standstill in the circular polari­

zation curve (Tapia 1977). The primary minimum is concurrent with another 

standstill (t = 0.45 - 0.66 P) of the polarization curve, at which time 

the amount of circular polarization in the V band goes to a value near 

zero. No X-ray minimum has been observed at this phase. 
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Figures 1-4 

V, R, B-V, and U-V magnitudes and colors of AM Her folded modulo 

P = 0.128928 d. Phase~= 0.00 is that of the linear polarization 

event (Tapia 1977): HJD 2443014.765. 
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The light curve of the system shows an evolution from 1976 May to 

November. There is a general increase in brightness in all spectral bands 

of about 1.5 - 2 magnitudes. The U-V color at the primary and secondary 

minima remains remarkable constant during the overall increase of magni­

tude of the system (Fig. 4). The B-R color becomes slightly bluer 

< • ( ~ 0.2 mag) between the July and November epochs. 

The color curves (B-V and U-B versus phase) show substantially less 

scatter than the magnitude curves. Not only is there less flickering 

activity apparent in the colors, but the color variation repeats regu­

larly from cycle to cycle as Berg has reported (Berg 1976). The regular 

shape of the color curves promises very accurate determination of the 

photometric period of AM Her as the epoch of observations is extended. 

Soft X-ray observations with the SAS-3 satellite were made in 1976 

May inmediately before the first run of data and simultaneously in 1976 

November with the last run of data (Richardson and Priedhorsky 1977). 

The later X-ray observations show an increase in flux over the May data 

by a factor of approximately 2 (Hearn 1977). During the course of the 

observations, the secondary minimum disappeared in the V and B-V data and 

became very reduced in amplitude in V-R. The lack of the secondary 

minimum is accompanied by the disappearance of the X-ray eclipse (Hearn, 

Richardson, and Clark 1977) and by disappearance of the secondary stand­

still (at t ~ 0.14 P) in the circular polarization (Michalsky, Stokes, and 

Stokes 1977). 

AM Her shows rapid nonperiodic variability in all four wavelength 

regions. Some of the variability is sufficiently well defined to be 

measured as discrete flares. Typical flare behavior is shown in Figure 5. 
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Figure 5 

Flare activity of AM Her compared with that of the cataclysmic 

h 
variable AE Aqr. 6 UT 1976 July 10 is~= 0.85 P. 
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The intrinsic color of the excess flux emitted during the flares is often 

very red, ranging up to B-V = 1.2. AE Aqr and SS Cyg, common cataclysmic 

variables which show rapid flaring activity (i.e., flickering), were 

measured as a comparison. They showed average flare colors of B-V of -0.1 

and 0.0,respectively. Besides being intrinsically red, the flares tended 

to be redder than the total light of the system, which was never observed 

to be redder than B-V = 0.6. It is difficult to pick out such flares in 

the B-V light curve because of the relatively small amplitude,~ 0.2 mag, 

of the flares, and the intrinsic scatter of the color curve. 

A catalog was made of 38 flares which appeared on inspection (inde­

pendently by the two authors) to show well-defined peaks and baselines, . 

so that the color of the light emitted in the flare could be determined. 

The one sigma error in (B-V)fl , determined by the scatter between two are 

independent measurements of the color of the flares, was less than 0.15 

mag. The catalogued flares were much less common during the primary 

minimum than outside it. Of the 38 flares, only 8 fell within the primary 

minimum (between~= 0.36 P and 0.76 P). Those flares which are present 

at the primary minimum tend to be bluer (with respect to the baseline 

color) than average. Of 12 well-defined flares in the 1976 June - July 

data which were intrinsically more than 0.2 mag redder in B-V than the 

total light of the star, only one fellwithin phase 0.36 to 0.76. The fast 

flickering behavior is thus distinguished by an unusual component of 

very red flare activity which avoids the primary minimum. 
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IV. INTERPRETATION OF THE LIGHT CURVE 

Any physical model of the AM Her system should explain the periodic 

variability prominent in the V and R bands. In the following section we 

would like to discuss possible mechanisms for this modulation. In order 

to do so, it is first necessary to understand the source of V and R flux. 

There are several indications that the source of the circular polari­

zation in the AM Her system is also the major contributor to the flux in 

the visual and red region: (1) Both the secondary and primary photometric 

minima coincide with standstills in the circular polarization curve of 

Tapia (1977). The standstills probably correspond to attenuation of the 

circular polarization source. (2) The red flares which distinguish this 

system tend not to occur at the primary minimum, which is the major 

polarization standstill. (3) There is a striking similarity between 

the red color of the flares, the color (B-V ~ 1 1/4, V-R ~ 1) of the light 

which is absent at the minima (as evidenced by the departure to the blue of 

B-V and V-R indices at these phases), and the color dependence of the 

circular polarization (Tapia 1977; Stockman 1977; Michalsky, Stokes and 

Stokes 1977). It follows therefore that the behavior of the visual and 

red light curve is to be explained at least in part by the modulation of 

the flux from the same source that is responsible for the circular polari­

zation. 

The flux at wavelengths less than 4500 R shows little polarization 

(Stockman 1977) and must be identified with a light source other than the 

circular polarization source. That the two sources are powered by the 

same mechanism is suggested by the identical rise of the U and V magnitudes 

of AM Her from 1976 May through November. The variation of U-V color 
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through the binary cycle, however, indicates that the two sources must 

have different locations in the system. The scatter in the U-V color 

curve decreases by a factor of~ 2 at primary minimum. This indicates 

that the portion of the V flux uncorrelated with the ultraviolet source 

decreases markedly during the primary minimum. The lack of correlation 

of the U flux with that in the V band is also demonstrated by the scatter 

in phase of the shallow (0.2 - 0.4 mag) minimum in the U band with respect 

to the phase of the V light curve. In the last six runs of 1976 data 

presented, the U minimum falls successively at t ~ 0.5, 0.9, 0.9, 0.0, 0.7, 

and 0.7 P. These considerations imply that the flux from AM Her oopsists 

of a blue, unpolarized component, which is relatively constant, and a red, 

partially polarized component which shows primary and secondary minima. 

We discuss below possible mechanisms for that modulation. 

a) Heating Effect? 

The periodic variation of radial velocity observed in the emission 

lines has been interpreted to mean that AM Her is a binary system (Cowley 

and Crampton 1977; Priedhorsky 1977). We assume that AM Her is a semi­

detached, close binary system which, although showing significant differences 

(e.g., Cowley 1976), closely mimics cataclysmic variable (CV)-type stars. 

It exhibits mass transfer with subsequent mass accretion as the primary 

powering source for the system. The secondary mass losing component thus 

fills its critical equipotential surface. We assume that the primary star 

is a magnetic degenerate dwarf (Tapia 1977; Swank et al. 1977). The facing 
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side of the secondary might be heated by the primary so that the changing 

aspect of that hot side through the binary cycle causes the observed 

modulation. 

If the secondary fills its Roche lobe and does not deviate drastically 

in structure from the single, late-type main sequence stars, then its 

mass M2 ~ 0.4 Mi on the basis of the relationship between orbital period 

and the mass of the secondary (Faulkner 1971; Robinson 1976; Ritter 1976). 

From the mass - radius relationship for main sequence stars, r 2 ~ 0.4 R 
i 

= 

10 
2.8 x 10 cm. Similar conclusions have been reached via slightly different 

arguments by Cowley and Crampton (1977) and Stockman et al. (1977). 

Given that the red star has M2 = 0.4 Mi and that the mass of the primary 

is in the range 0.4 - 1.4 M0 , i.e., between less than a half of the 

average primary's mass for typical CV's (Robinson 1976) and the Chandrasekhar 

limit .for moderate!y rotating white dwarfs, it follows from Kepler's law 

that the component separation~ is in the range 7.0 - 9.1 x 1010 cm. 

Warner (1976) derives the orbital period - luminosity relation for the 

secondary in CV's 

¾, 2 - -12.5 log P (hours)+ 17.5 

which implies for AM Her ¾, 2 ""'11.4. If one reasons as Chanmugam and 

Wagner (1977) that the brightness of AM Her at minimum, V ~ 15, corresponds 

to(¾)=+ 7.5 as for dwarf novae at minimum (Kraft and Luyten 1965), 

then the distance is d ~ 300 pc. For d ::': 100 pc m > 16 .4 mag so that 
' V, 2 

the secondary star is not intrinsically a major source of light even at 

minimum. 
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The secondary subtends a fraction of solid angle viewed from the 

primary of 0.020 < 2: < 0.035 for 0.3 < q < 1.0 (q = M2/M1). If the 

flux from the X-ray source, circular polarization source, and any possible 

disk is not beamed, the fraction of that flux which can be intercepted 

and reradiated by the secondary is not greater than~ 4 percent. In 1976 

-10 -2 -1 
November, we observe that f (0.3-0.8 µm) ~ 1.6 x 10 ergs cm sec max 

When the system was at a similar optical magnitude in 1975 October (Berg 

and Duthie 1977), the observed system luminosity was dominated by a 2-60 

10 -2 -1 keV flux of 7.6 x 10- ergs cm sec (Swank et al. 1977). Reprocessed 

X-rays can thus explain only~ 20 percent of the observed optical luminosity. 

It should be noted that no heating effect has ever been observed in any 

other CV, including the soft X-ray source SS Cyg. 

If the excess optical f~ux at maximum comes from a heated stellar 

photosphere, one might expect to see an absorption line spectrum, as in 

the case of HZ Her. However, high dispersion spectroscopy taken in 1976 

October shows no evidence for the absorption line spectrum of a cool star 

(Greenstein 1977). 

The color of the flux absent at the primary minimum (B-V ~ 1 1/4) 

indicates that, if the minimum results from an aspect effect, the "hot" 

side of the secondary is actually rather cool, of spectral class K5 

or later. A star of uniform spectral class KS which provides the flux 

absent at primary minimum would have r 2 ~ 1.1 R8 ( d ), which for 
300 pc 

d > 100 pc would be larger than the size of the secondary expected from 

the orbital period - mass - radius relationship. This calculated radius 

must be considered a lower limit,since,as in the case of HZ Herculis, the 

"hot" side would extend over less than a hemisphere of the star (Oke 1976). 

The substantial flickering seen in the red component o;f •the flux may also 

argue against a heating-aspect effect. 
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b) Stellar Eclipses? 

Neither the primary nor the secondary minimum of the AM Her system 

is easily identified with an eclipse by the secondary of another component 

of the system. The primary minimum is very broad, with a full width at 

half maximum (FWHM) in B-V of At= 0.37 P ± .01 and a corresponding full 

width Ai= 0,51 P ± .02. One finds (Kopal 1959) that even for a contact 

binary system at inclination i = 90°, the maximum possible eclipse 

duration is 0.32 P. This conclusion is valid for almost any value of q. 

Chanan, Middleditch, and Nelson (1976) show that for any q < 100, the 

maximum full width of an eclipse At< 0.37 P. For the range of q and a 

determined above, the maximum full width at half maximum of an eclipse 

by the secondary of an object centered at the primary is 

0.09 P < At < 0.12 P. max 

Over the same range of parameters, the maximum full width of an eclipse 

by the secondary of a disk filling the Roche lobe of the primary is: 

Atmax = 0.205 P ± .005. 

The secondary minimum is also unlikely to be an eclipse phenomenon. 

The disappearance of the secondary in V and B-V after 1976 October, and 

the chaotic color activity at its bottom argue against an eclipse origin. 

Onset of the secondary seems also to wander in phase. The secondary is 

quite wide, with a FWHM of At= 0.26 P ± .01 and a full width of 0.33 P ± .01. 

We conclude that an eclipse by the secondary star of the primary or 

inner disk around the primary may be dismissed from any appreciable role 

in the light curve of the AM Her system. Since there is thus no clear 

relation between the phase of conjunction and photometric phase, it is 

difficult to establish the relative position of various components of 

the system, including the region of the emission line formation. 
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c) Hot Spot Effects? 

The equivalence between the 3.lh polarization period of AM Her, 

which manifests the rotation period of the magnetic white dwarf, and the 

binary period indicated by the emission line radial velocity variation 

indicates that the white dwarf is locked into synchronous rotation with 

the orbital period. Accretion of mass onto the white dwarf would quickly 

spin up the white dwarf unless there exists an opposing torque to maintain 

synchronism. 

The matter transferred from the secondary in cataclysmic binaries 

typically forms an accretion disk about the primary. The strong magnetic 

field required to produce the circular polarization in AM Her will 

certainly exclude a disk from the region closest to the white dwarf. 

The inner boundary of a disk, at which point matter must go into synchronous 

rotation with the white dwarf, will be found at the distance rA where the 

pressure of the magnetic field is comparable to the ram: pressure of the 

matter circulating in the disk (see, for instance, Lamb, Pethick, and 

Pines 1973) : 
2 

( ) 2 B (r A) pv rA ~ __ _ 

8 We assume a dipole field with a polar value at the white dwarf of 2 x 10 

gauss in order to produce the observed circular polarization. For 

Keplerian velocit±es,vdisk -(~1)
112 

rA = 8.1 X 109 (Ml/M0)-1/5 (p8)-l/5 (r9/0.7)6/5 cm 

where p8 is the density of the disk and r
9 

= 0.7 is a typical radius for 

a 1 M0 white dwarf. 
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Stockman et al. (1977) conclude from the observed Ha/HP line ratios 

and the lack of Stark blending of H13 and H14 that the density of the 

emission line region falls in the range 1.6 x 10-ll < p < 3 x 10-lOg cm- 3 

It is characteristic of "normal" CV's that the emission lines are formed 

in a "chromosphere" above the disk of density~ 1.6 x 10-12 g cm- 3 

Warner (1976). The chromosphere is much more tenuous than the optically 

8 -3 
thick disk, which is possibly at least as dense as 10- g cm is 

quite insensitive top. It is thus entirely possible that a disk similar 

to these in other cataclysmic variables exists in the AM Her system with 

a minimum radius of about ten times the white dwarf radius. This disk 

may contribute substantially to the flux in the blue and ultraviolet. 

Although the disk will exclude the magnetic field in the equatorial plane 

of the system, it may be possible for magnetic flux to escape at the poles 

and lock the rotation of the white dwarf to that of the secondary star. 

In CV's the light curve is often dominated by a hot spot caused by 

the collision of the stream of matter transferred from the cool star with 

the accretion disk about the primary. The changing aspect of the spot 

with binary phase can cause a large "hump" in the light curve. The very 

red color of the excess flux associated with the maximum in the V and R 

bands in the AM Her system is unlike the color of the hot spot in any CV. 

It is possible, however, that the periodic variation of the ultraviolet 

flux has a hot spot origin. 

We would next like to consider the possibility that a thickened region 

of the disk at a hot spot periodically eclipses the primary to cause one 

or another of the minima in visual and red light. In order to obscure 

the white dwarf region for the full duration of even the secondary eclipse, 
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0 the hot "spot" must extend over 120 of the disk circumference. Hot 

spots in other CV's are much more localized, the largest in Z Cha (Warner 

0 1974) extending only 20 around the disk. A hot spot of that angular 

120° 
extent located at rH from the primary must have area A> 2 ( 360o)2~ rH 

(cos i rH). An upper limit to i is set by the requirement that the 

secondary not eclipse the primary and the disk immediately around it. It is 

necessary that i < i , where 68° < i < 73° for 0.3 < q < 1.0 and max max 

r = 2 

If the hot spot were located near the edge . of the primary critical 

equipotential lobe, had optical depth~~ 1 (required to cause an eclipse), 

and had a typical hot spot temperature of 3 x 104 °K, it would have a 

bolometric luminosity L > 8 x 1034 ergs sec-I for 0.3 < q < 1.0. The 

luminosity of such a spot would be greater than the luminosity of the 

system at frequencies less than 1 keV (Stockman et al. 1977) if d < 1000 pc. 

There is, in fact, no evidence in the light curve for a hump in the U or 

B bands at either minimum as would be expected at the conjunction of a 

hot spot. The very regular width and shape of the primary minimum in 

B-V argues against it being obscuration by something as potentially 

variable as a hot spot. 

d) A Possible Model 

It has been shown above that the source of most of the red flux 

may be the same as that for the circularly polarized radiation, which 

must originate in the immediate vicinity of the white dwarf primary. 

Since we have not explained the 3.lh modulation of the red flux by the 

effect of other components of the system, we look for a source of modulation 

intrinsic to the primary. 
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As described in Chapter III, the secondary and primary minima 

differ because of the presence of an X-ray minimum at the secondary in 

the 1976 May data. We conclude that the secondary and primary minima are 

qualitatively different. The secondary involves a conjunction of the 

X-ray and circularly polarized optical sources, while at the primary the 

two sources are not in line. 

Stockman et al. (1977) suggest that cyclotron radiation from AM 

Her is produced in an accretion column close to the surface of the white 

dwarf, while the soft X-rays are produced higher in the column. Optically 

2rrc 
thin cyclotron radiation must occur at wavelength A= __ -

C ill 
C 

2 
2rrc m e 

eB 

where ill is the cyclotron angular frequency. 
C 

The presence of circular 

polarization at 4500 ~ (Stockman 1977; Michalsky, Stokes, and Stokes 

8 1977) implies a polar field B ~ 2.5 x 10 gauss. For a dipole field max 

centered at the middle of the white dwarf, the field at 0.2 rwd above 

the surface has fallen (as r-3) to 1.45 x 108 gauss, so that A is 7400 R. 
C 

Cyclotron radiation in the optical band from AM Her is thus limited to a 

thin cap over the pole of the white dwarf. It seems entirely likely that 

such a low-lying source may be eclipsed by the body of the -white dwarf 

(Fig. 6). It is also possible to produce very wide eclipses in this 

fashion. The greater height above the surface of emission at longer wave­

lengths leaqs to a qualitative prediction that the primary minimum will 

be shorter at longer wavelengths. This effect may be discerned in the 

V and R light curves of Figures 1 and 2, and in the V, I, and 8600 i data 

of Olson (1977). 

If the cyclotron source was divided between two opposite poles, 

there would never be more than a partial eclipse of the whole cyclotron 

region by the white dwarf. However, a displacement of the dipole toward 
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Figure 6 

Geometrical model of the X-ray and circularly polarized optical 

~ 

emission regions near the degenerate dwarf in the AM Her system. µ 

is the dipole moment of the dwarf, which may be displaced from the center 

of that star. 
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one pole might limit the cyclotron source to one pole. For a displacement 

of O 2 r A = 4500 i at the strong pole implies A = 1.44 µm, • wd' c min c min 

well out of the optical band, at the weaker pole. 

The primary minimum is thus the point at which the polar cap is 

most distant from the sub-earth point. At 0.50 Plater, the cap and 

accretion column are closest to the sub-earth point so that the X-ray 

source and cyclotron source may be nearly in line. Self-absorption when 

the column is viewed lengthwise could cause the secondary minimum in the 

X-ray and circularly polarized optical flux. The activity in B-V at the 

secondary minimum indeed suggests obscuration by a variable, partially 

transparent object. The disappearance of the secondary minimum would 

require that the column became optically thin after 1976 October. The 

higher temperature of the X-rays observed in 1976 November (Hearn, 

Richardson and Clark 1977) also suggests a thinning of the column. 

The primary and secondary minima should correspond to circular polari­

zation minima and maxima (except for the occultation of the polarization 

source) as the angle between the viewing direction and the ~agnetic field 

reaches extrema at these times. It is difficult to measure the exact 

position of circular polarization minimum and maximum because of the stand­

stills at both times. The polarization maximum ( t = ~ 0.15 P) is clearly 

at the expected phase. Though a polarization minimum is observed at 

t ~ 0.8 P, the polarization standstill at t = 0.55 P may conceal a true 

minimum at a phase as early as t ~ 0.6 P. 

In the model above, the phase relation between primary minimum and 

binary conjunction depends only on the polar direction of the white dwarf 

magnetic field. As that direction is not known, the relation between 
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photometric phase and emission line radial velocities, which represent 

motion in gas streams and/or disk outside the white dwarf magnetosphere, 

is arbitrary. Radial velocity observations (Priedhorsky 1977; Crampton 

and Cowley 1977) thus do not significantly constrain this model. 

V. CONCLUSION 

We observe no contribution to the visual and red light curve of AM 

Her by the secondary or hot spot. We have ruled out eclipses by either of 

these components as the origin of the primary or secondary minima. Indeed, 

it would be very unlikely for a system component as distant from the primary 

as a hot spot or secondary to graze the primary at just the right angle 

so as to occult the circularly polarized radiation but not the soft X-ray 

source (both of which must be located very close to the primary) during the 

primary minimum. Sufficient X-ray flux to drive the light curve via a 

heating effect has not been observed. However, the flux of AM Her above 

60 keV is not yet known, and beaming of the X-ray flux may be possible. 

Optical flux from the AM Her system seems to consist of at least two 

components, one of which is probably associated with the circular polari­

zation source and is dominant in the V and R bands. Simultaneous photo­

metric and polarimetric observations to confirm this association would 

be valuable. The other component, dominant at bluer wavelengths, may be 

associated with an accretion disk. The magnetospheric radius in the AM 

Her system to be expected from the estimated magnetic field strength and 

reasonable disk densities is well within the primary critical equipotential 

lobe, so that the existence of an accretion disk is possible. The near­

constancy of u-v color during the increase in brightness of AM Her from 
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1976 May to November indicates that the blue and red components have 

the same power source. It is possible that they are both modulated by 

changes in the mass accretion rate. 

We suggest that the red component of optical flux originates in 

a region of strong magnetic field in the immediate vicinity of the white 

dwarf. Because of the major role of the magnetic field in the emission 

process, and the clocking of the 3.lh behavior of AM Her by the rotation 

of a degenerate object, we identify the source of red flux in the AM 

Her system as a slow optical pulsar. 



91 

REFERENCES 

Allen, C. W. 1973, Astrophysical Quantities, Athlone Press, London, 

p. 97. 

Arons, J. and Rothschild, R. 1975, GSFC Document X-661-75-230. 

Berg, R. A. 1975, Bull. A.A.S., ]_, 512. 

Berg, R. A. 1976, presentation at Ann Arbor Symposium, 1976 October 29. 

Berg, R. A. and Duthie, J. G. 1977, Ap. J., 211, 859. 

Birsa, F. B., Glasser, C. A., Ziegler, M. M. 1972, 1.5 to 38 keV 

X-ray Experiment System for High Altitude Sounding Rockets, NASA 

preprint X-661-72-80. 

Bisnovatyi-Kogan, G. S. and Blinnikov, S. I. 1976, Sov. Astron. 

(Letters),~, 191. 

Bleach, R. D., Boldt, E. A., Holt, S. S., Schwartz, Q. A., and 

Serlemitsos, P. J. 1972, Ap. J., 171, 51. 

Boldt, E., Holt, S., Rothschild, R., and Serlemitsos, P, 1975, 

Proc. Int. Conf. X-Rays in Space, ed. D. Venketesan (University 

of Calgary). 

Bond, H. E. and Tifft, W. G. 1974, Pub. A.S.P., 86, 981. 

Bradt, H. and Matilsky, T. 1975, in Symposium on X-Ray Binaries, 

NASA SP-389, p. 317. 

Bregman, J., Butler, D., Kemper, E., Koski, A., Kraft, R. P., and 

Stone, R. P. S. 1973, Ap . J. (Letters), 185, 1117. 

Brisken, A. F. 1973, thesis, University of Maryland. 

Brown, R. L., and Gould, R. J. 1970, Phys. Rev. D., ..!:_, 2252. 



92 

Canizares, C.R. 1976, Ap. J. (Letters), 207, 1101. 

Canizares, C. and Oda, M. 1977, Ap. J. (Letters), 214, 1119. 

Chanan, G. A., Middleditch, J., and Nelson, J.E. 1976, Ap. J., 208, 

512. 

Chanmugam, G. and Wagner, R. L. 1977, Ap. J. (Letters), 213, 113. 

Coe, M. J., Engel, A. R., and Quenby, J. J. 1976, Nature, 259, 544. 

Cowley, A. P. 1976, Eighth Texas Symposium on Relativistic Astrophysics, 

in press. 

Cowley, A. p. ' and Crampton, D. 1975, Ap. J. (Letters), 201, 165. 

Cowley, A. p.' and Crampton, D. 1977, Ap. J. (Letters), 212, 1121. 

Cowley, A., Crampton, D., Szkody, P., and Brownlee, D. 1976, IAU Circ., 

No. 2984. 

Crampton, D., and Cowley, A. P. 1977, preprint. 

Cruddace, R., Bowyer, S., Lampton, M., Mack, J., and Margon, B. 1972, 

Ap . J., 174, 529. 

Culhane, J. L., Mason, K. 0., Sanford, P. W., and White, N. E. 1975, 

in Symposium on X-Ray Binaries, NASA SP-389, p. 1. 

Eardley, D. M., and Lightman, A. P. 1976, Nature, 262, 196. 

Elsner, R. F., and Lamb, F. K. 1976, Nature, 262, 356. 

Faulkner, J. 1971, Ap. J. (Letters), 170, 199. 

Garmire, G. P., and Ryter, C. E. 1975, Astrophysical Letters, 16, 121. 

Giacconi, R., Gursky, H., Paolini, F., and Rossi, B. 1962, Phys. Rev. 

Letters, 2_, 4 39. 



Giacconi, R., Gursky, H., and Van Speybroeck, L. P. 1968, Annual 

Reviews of Astronomy and Astrophysics,~' 373. 

Giacconi, R., Murray, S., Gursky, H., Kellogg, E., Schreier, E., Matilsky, 

T., Koch, D., and Tananbaum, H. 1974, Ap. J. Supplement 237, '!:]_, 37. 

Gorenstein, P. 1975, Ap. J., 198, 95. 

Gorenstein, P. 1976, Astrophysics and Space Science,~' 189. 

Gorenstein, P., Giacconi, R., and Gursky, H. 1967, Ap. J. (Letters), 

150, L85. 

Greenstein, J. L. 1977, private communication. 

Gursky, H., Gorenstein, P., Kerr, F. J., and Grayzeck, E. J. 1971, 

Ap. J. (Letters), 167, Ll5. 

Hatchett, S., Buff, J., and McCray, R. 1976, Ap. J., 206, 847. 

Hearn, D.R. 1977, private communication. 

Hearn, D.R., and Richardson, J. A. 1977, Ap. J. (Letters), 213, Lll5. 

Hearn, D.R., Richardson, J. A., and Clark, G. W. 1976, Ap. J. (Letters), 

210, L23. 

Hearn, D.R., Richarson, J. A., and Clark, G. W. 1977, private communica­

tion. 

Heise, J., Brinkman, A. C., Schrijver, J., Mewe, R., Bogende, A. den, 

Gronenschild, E.,Parsignault, D., Grindlay, J., Schnopper, H., 

Schreier, E., and Gursky, H. 1975, Nature, 256, 107. 

Holt, S. S., Boldt, E. A., Rothschild, R. E., Saba, J. L. R., and 

Serlemitsos, P. J. 1974, Ap. J. (Letters), 190, L109. 

Holt, S. S., Boldt, E. A., Serlemitsos, P. J., and Kaluzienski, L. J. 

1976, Ap. J. (Letters), 205, L143. 



94 

Illarionov, A. F., and Sunyaev, R. A. 1972, Soviet Astronomy-AJ, 16, 

45. 

Kopal, Z. 1959, Close Binary Stars (New York: Wiley), Ch. III. 

Kraft, R. P., and Luyten, W. J. 1965, Ap. J., 142, 1041. 

Lamb, F. K., Pethick, C. J., and Pines, D. 1973, Ap. J., 184, 271. 

Lampton, M., Margon, B., and Bowyer, S. 1976, Ap. J., 208, 177. 

Li, F. K., and .Clark, G. W. 1974, Ap. J. (Letters), 191, 127. 

Long, K. S. 1975, thesis, California Institute of Technology. 

Long, K. S., Agrawal, P. C., and Garmire, G. P. 1975, Ap. J. (Letters), 

197, 157. 

Maraschi, L., Treves, A., and van den Heuvel, E. P. J. 1977, Ap. J., 

216, 819. 

Margon, B., Bowyer, S., and Stone, R. P. S. 1973, Ap. J. (Letters), 

185, 1113. 

Matteson, J. L., Mushotsky, R. F., Paciesas, W. S., and Laros, J. G. 

1975, in Symposium on X-Ray Binaries, NASA SP-389, p. 407. 

Meinunger, L. 1960, Mitteilunger Uber veranderliche Sterne (Sonneberg), 

No. 523. 

Michalsky, J. J., Stokes, G. M., and Stokes, R. A. 1977, preprint. 

Moore, W. E. 1975, thesis, California Institute of Technology. 

Novikov, I. E., and Thorne, K. S. 1973, in Black Holes, Les Houches, 

1973, ed. C. DeWitt and B. DeWitt (New York: Gordon and Breach). 

Oda, M., Doi, K., Ogawara, Y., Takagishi, K., and Wada, M. 1976, 

Ap. Space Sci.,~, 223. 



95 

Oda, M., Gorenstein, P., Gursky, H., Kellogg, E., Schreier, E., 

Tananbaum, H., and Giacconi, R. 1971, Ap. J. (Letters), 166, Ll. 

Oda, M., Takagishi, K., Matsuoka, M., Miyamoto, S., and Ogawara, Y. 

1974, Puhl. Astron. Soc. Japan,~. 303. 

Oke, J.B. 1976, Ap. J., 209, 547. 

Olson, E. C. 1977, Ap. J., 215, 166. 

Parsignault, D.R., Grindlay, J.E., Schnopper, H., Schreier, E. J., 

and Gursky, H. 1975, in Symposium on X-Ray Binaries, NASA 

SP-389, p. 429. 

Peimbert, M., Spinrad, H., Taylor, B. J., and Johnson, H. M. 1968, 

Ap. J. (Letters), 151, L93. 

Piran, T. 1977, M.N.R.A.S., 180, 45. 

Price, R.H., and Liang, E. P. T. 1975, preprint. 

Priedhorsky, W. C. 1977, Ap. J. (Letters), 212, L117. 

Rappaport, S., Bradt, H. V., and Mayer, W. 1971, Nature, 229, 40. 

Rappaport, S., Zaurnan, W., Doxsey, R., and Mayer, W. 1971, Ap, J. 

(Letters), 169, L93. 

Richardson, J. A., and Priedhorsky, W. C. 1977, in preparation. 

Ritter, H. 1976, M.N.R.A.S., 175, 279. 

Robinson. E. L. 1976, Ap. J. 1 203, 485. 

Rothschild, R. E., Boldt, E. A., Holt, S. S., and Serlernitsos, P. J. 

1974, Ap. J. (Letters), 189, L13. 

Rothschild, R. E., Boldt, E. A., Holt, S. S., and Serlemitsos, P. J. 

1977, Ap. J., 213, 818. 



96 

Ryter, C., Cesarsky, C. J. and Audouze, J. 1975, Ap. J., 198, 103. 

Sandage, A. R. 1973, Ap. J., 183, 711. 

Schreier, E., Gursky, H., Kellogg, E., Tananbaum, H., and Giacconi, 

R. 1971, Ap. J., 170, L21. 

Schreier, E., Levinson, R., Gursky, H., Kellogg, E., Tananbaum, H., 

and Giacconi, R. 1972, Ap. J. (Letters), 172, L79. 

Seward, F. D., Burginyon, G. H., Grader, R. J., Hill, R. W., and 

Palmieri, T. M. 1972, Ap. J., 178, 131. 

Shapiro, S. L., Lightman, A. P., and Eardley, D. M. 1976, Ap. J., 

204, 187. 

Shrewsberry, D., Budney, T., Riley, D., and Schuler, B. 1973, 

AAIA 3rd Sounding Rocket Technology Conference, AAIA No. 73-288. 

Shulman, S., Friedman, H., Fritz, G., Henry, R. C., and Yentis, D. J. 

1975, Ap. J. (Letters), 199, Ll0l. 

Stevens, J. C. 1973, thesis, California Institute of Technology. 

Stevens, J. C., Garmire, G. P., and Riegler, G. R. 1972, Ap. J. 

(Letters), 175, L73. 

Stockman, H. S. 1977, private communication. 

Stockman, H. S., Schmidt, G.D., Angel, J. R. P., Liebert, J., Tapia, S., 

and Beaver, E. A. 1977, preprint. 

Sutherland, P. G., Weisskopf, M. C., and Kahn, S. M. 1977, preprint. 

Swank, J., Lampton, M., Boldt, E., Holt, S., and Serlemitsos, P. 1977, 

Ap. J. (Letters), 216, L71. 

Szkody, P., and Brownlee , D. E. 1977, Ap. J. (Letters), 212, Lll3. 



97 

Tapia, S. 1976, IAU Circ., No. 2987. 

Tapia, S. 1977, Ap. J. (Letters), 212, L125. 

Terrell, N. J. 1972, Ap. J. (Letters), 174, L35. 

Thorne, K. S., and Price, R.H. 1975, Ap. J. (Letters), 195, LlOl. 

Warner, B. 1974, M.N.R.A.S., 168, 235. 

Warner, B. 1976, in Structure and Evolution of Close Binary Systems, 

IAU Symposium No. 73, P. Eggleton et al., eds., p. 85. 

Weisskopf, M. C., Kahn, S. M., and Sutherland, P. G. 1975, Ap. J. 

(Letters), 199, L147. 

Wu, C., van Duinen, R. J., and Harnrnerschlag-Hensberge, G. 1975, in 

Symposium on X-Ray Binaries, NASA SP-389, p. 529. 



98 

APPENDIX A 

EXPERIMENT DESCRIPTION 

I. INTRODUCTION 

Some of the data which are the subject of this dissertation were 

obtained from a sounding rocket payload consisting of mechanically 

collimated large area proportional counter X-ray detectors. The low 

energy detector (LED) was sensitive to X-rays in the range 0.2 to 3.5 

keV, while the medium energy detector (MED) was sensitive from 1..0 to 

24 keV. Both detectors were prototypical of their namesakes on the 

HEAO-A2 satellite experiment. The payload was modified from a previous 

configuration in order to convert the LED to thin window operation 

(requiring active gas regulation) and to reduce the payload mass. The 

payload was originally built by the Goddard Space Flight Center X-ray 

group and flown five times (NASA sounding rockets 13.007-13.010 and 

26.037) previous to the 1976 May 11, 11:00 UT launch of Nike-Aerobee 

26.038 described herein. 

The payload was launched by a solid fuel Nike (booster)-liquid 

fuel Aerobee 200 (sustainer) combination to a peak altitude of 175 km. 

Proportional counter data were obtained for 198 seconds above 130 km. 

Below 130 km atmospheric absorption to the zenith is greater than 5% at 

both 0.25 and 1.0 keV. All data used were obtained at altitudes greater 

than 130 km. Booster separation occurred at booster burnout, approximately 

one-half mile above the launch site at a velocity of one thousand miles 

per hour, three seconds after launch. The rest of the rocket, including 
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the spent sustainer motor and tanks, parachute section, attitude control 

system (ACS), experiment, and telemetry section (TM) remained intact 

after sustainer burnout through the observation until atmospheric reentry. 

The experiment, TM, and ACS were parachuted to the ground within fifteen 

minutes after launch, and recovered intact the next morning. 

The flow of information from cosmic X-rays incident above the atmos­

phere to coded data on magnetic tape at the ground station was as follows: 

1) Mechanical collimators limited the response of the detector 

package to a 3° x 3° (FWHM) triangular field of view which was pointed 

by motion of the entire payload. 

2) An X-ray which successfully passed the collimator had an (energy­

dependent) probability of transmission through a thin plastic detector 

window and photoelectric absorption in the counter gas. The cloud of 

electrons produced by the X-ray drifted towards a high voltage wire anode 

and underwent avalanche multiplication in the electric field near the 

anode. 

3) The charge pulse on the proportional counter anode was counted 

and pulse height analyzed. Scalar and pulse height information was coded 

in a PCM digital format and transmitted to the ground station at a rate 

of 100 kilobits/second. 

The sub-systems which conprised the experiment will be described 

in detail below. 
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II. POINTING, ASPECT, AND COLLIMATION 

Experiment pointing was determined by the attitude of the entire 

rocket assembly. Attitude was controlled by a STRAP-IV attitude control 

system (Shrewsberry et al. 1973), which was the responsibility of Mr. 

Tom Collinson, NASA Sounding Rocket Division, Code 745.1. Briefly, the 

orientation of a three-axis gyro system was updated after sustainer burn­

out by star tracker observations of two bright stars (for this flight, 

a Lyr and y Cyg). The rocket was torqued by cold-gas jets for slewing 

motions and for station-keeping on a target. It is possible, with a 

3cr degree of confidence, to point within 0.5° in each axis of an invisible 

(to the star-tracker) X-ray target, after the update star observations. 

Post-flight determination of experiment aspect was made from star 

field photographs. A Nikon-F 35-mm camera with motor drive was mounted 

on the body of each detector. As the drift during each pointed observa­

tion was expected to be small, only a limited number of photographs were 

required to check the direction of each target. Because camera-firing 

noise had appeared in the detector data in previous experiments, only 

three aspect exposures were taken, one during the exposure on Cyg X-2, 

and two during the exposure on Cyg X-1 . 

Star positions on the film were measured in a coordinate system based 

on the sprocket holes. In order to determine the direction of the de­

tector response in that coordinate system, collimator calibrations had 

been made with respect to a machined flat on the surface of each col­

limator. Upon integration of the experiment and ACS star tracker at 
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White Sands, the front surface of the star tracker, perpendicular to the 

star tracker response, was shimmed to the mean direction of the two 

collimator flats by means of spirit level measurements accurate to 2'. 

A theodolite sighting was made of a distant landmark, then the theodolite 

was flipped 180° to sight on a flat mirror placed on the front surface of 

the star tracker. The payload was moved so that the beam from the theodo­

lite reflected upon itself, with an estimated error from mirror non­

flatness and the theodolite flip of 1-2'. With the experiment aligned 

so that the star tracker axis pointed towards the landmark, calibration 

photographs were taken with both aspect cameras. 

Star positions were measured directly from the negatives by means of 

a microscope and an X-Y table which moved the negatives through the micro­

scope field of view, to form a primitive but effective measuring micro­

scope. Positions were reduced to a coordinate system originating on the 

star-tracker axis. The direction in right ascension and declination of the 

origin was determined by the method of Brisken (1973): the direction of 

the origin was calculated for each pair of stars measured, and the final 

star tracker direction and error were estimated from the mean and standard 

deviation of the direction determined from each pair of stars. The star­

tracker direction for each exposure is thus known to an accuracy of 4' 

(la error). Since the full width at half maximum of the collimator 

response is 3°, aspect induced errors in effective detector area are 

thus less than 2.5% of the peak effective area. 

Collimation of the proportional counter response was achieved by 

passive mechanical "egg-crate'' collimators. Though the idea of 
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construction of an "egg-crate" collimator by intermeshing slats is 

not new, slats made by a photo-etching process allowed construction 

of an "egg-crate" collimator with a narrower field of view than pre­

viously possible. Figure 1 shows a section of the collimator. 

Slat collimators were chosen over an etched grid design (Stevens 

1973) for the following reasons: (1) A slat collimator has the mechan­

ical strength to support the window on its back side. Etched grid 

collimators require auxiliary slat collimators for window support. 

(2) The minimum absorption length presented to rejected X-rays in an 

etched grid design is the grid thickness d, while for a slat collimator 

the minimum path is d/20, where dis the slat thickness and e is the 

full width at half maximum of the collimator response (see Figure 1). 

It is thus possible, for a given collimator material, to build a slat 

collimator useful for higher energy, more penetrating X-rays, than a 

grid collimator. (3) Manufacture of the slats was estimated to cost 

about one-half as much as the required number of grids. 

Since it would be difficult to work with slat material thinner 

than 0.010", it was necessary for the collimator to be deep in order 

to have satisfactory transmission. For a given slat thickness d and 

FWHM response e, in the small angle approximation tan e = e, 

6 = 01, 

while maximum transmission 

T _ ( s )2 
max s+d 
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Figure 1 

Section of a slat collimator, perspective view (not to scale). 

The dimensions L, d, ands set the scale and field of view of the 

collimator. The window side of the collimator is to the top. Note 

that the slats which support the window on their unnotched edge are 

raised 0.010" above the cross slats. The dashed track is the path 

of minimum absorption length for rejected X-rays. The notched corners 

at the bottom hold the collimator in its housing. 
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Figure 1 
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where Lis the collimator depth ands is the slat separation. Thus 

ford= 0.010", e = 3°, and T > 0.9, we require L > 3.5". It was max 

decided to build the collimators to a depth of 3", which was the maximum 

that would fit within the payload skin. It should be noted that the 

maximum transmission calculated is reduced by any irregularity in the 

slats that increases the effective value of d. 

Slots of length L/2 must be cut into the slats of an egg-crate 

collimator so that the pieces will fit together. A limit to the depth 

of a slat collimator is thus set by machine shop practice. Slots of 

width 0.014" can be cut by a slotting saw to depth no greater than 

0.5" before flexure by the narrow saw becomes a problem. It was decided 

to construct the slats by a photo-etching technique. The slats were 

made by United Western Enterprises Photo Fab Pivision at a total cost of 

$3000 for two 17 x 49 cm collimators. Assembly of the slat collimators 

was complicated by the flexibility of the long slat teeth. It was 

necessary to epoxy the collimator pieces together for rigidity. Special 

teflon jigs were constructed to hold the slat teeth in position as the 

collimator was assembled. Each slat tooth had to be individually pulled 

into position in the jig during assembly. Each slot was painted with 

epoxy, then wiped so that epoxy remained only in the slits, before it 

was placed in position. A slow-setting epoxy was required, as a colli­

mator panel consisting of 58 short slats crossed with 39 long slats had 

to be assembled at one sitting. The epoxy chosen was 10 parts by 
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weight Epocast 212 mixed with 1 part by weight Furane 927 hardener, which 

set in 24 hours at 60° C. Each panel of 17 x 24 cm required more than 

eight hours work by three people for assembly. 

Even with the assembly jigs, a large number of teeth ended up out 

of position or bent, reducing the collimator transmission. Another 

problem, potentially more serious, was the poor bonding of the slow 

setting epoxy used, especially with the beryllium-copper slats used for 

the MED collimator. Much better results could be obtained with the 

Resiweld 7004 A and B epoxy used for typical laboratory work, but the 

Resiweld had a pot life of only a few hours, and set too quickly for the 

collimator assembly. Collimator teeth tended to break loose from their 

epoxied positions. It was necessary to repeatedly clean the collimators 

of loose epoxy chips that had flaked away. Although the loose teeth 

and epoxy chips seemed threatening, no window damage was encountered 

during vibration testing or flight. 

Collimator response was calibrated by measuring light transmission 

with the setup shown in Figure 2. A parallel beam of light produced 

by a 20" telescope was incident on the collimator. An eight-inch 

telescope behind the collimator was masked to accept light only from 

the collimator section under test. The transmitted beam was focused to 

a point, which was isolated by an aperture and measured by a photo­

multiplier. Light which reflected from the collimator slats was focused 

away from the aperture. 

Each collimator was measured in four sections. Scans of transmis­

sion vs. angle (see Figure 3) were made by turning the collimator on a 
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Figure 2 

Collimator calibration setup. Light from the laser is focused 

by the large (20") telescope into a parallel beam. The beam is masked 

so that only the light passing through the collimator is focused by the 

smaller (8") telescope and detected by the photomultiplier. Collimator 

response as a function of angle is scanned by turning the rotating 

table. 
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Figure 3 

Transmission versus angle ~e for a typical collimator panel. 

The direction of maximum response defines ~e = O. The line is the 

best fit to the linear region of the response function. 
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rotating table. As expected, a triangular response of 3° FWHM was 

obtained. Rounding at the top of the response is due to misalignment 

of collimator slats. 

Calibration of the direction of peak transmission was done by plac­

ing- a mirror on the machined flats at the front of the collimator. The 

test beam was reflected by the mirror back towards its source. The 

collimator was rotated a measured amount so that the beam reflected 

exactly on itself. The amount of rotation required was the difference 

between the direction of the machined flat and the peak response. 

Peak collimator transmission was measured by maximizing collimator 

throughput, then removing the collimator from the beam. Average peak 

transmission for the eight collimator sections measured was 0.68. Tests 

of X-ray transmission of selected sections confirmed this result. The 

peak transmission was substantially lower than the theoretical maximum 

transmission of 0.88. The deficiency of transmission is ascribed to 

misaligned collimator teeth and excess epoxy on the sides of the tubes. 

The effective detector areas below were determiped from collimator 

calibrations and aspect data for the two source exposures. ACS data 

indicated that there was no drift during each pointing. This was con­

firmed by the identical directions of the two aspect frames taken during 

the Cyg X-1 exposure. 

Effective area, Cyg X-2 exposure: 

LED: 387±16 

MED: 376±25 

2 
cm 

2 
cm. 
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Effective area, Cyg X-1 exposure: 

LED: 

MED: 

429±14 2 
cm 

2 500±20 cm . 

III. PROPORTIONAL COUNTER: GAS CONTROL SYSTEM AND WINDOWS 

The two proportional counter detectors, although very similar 

internally, showed different energy responses because of different 

configurations of counting gas and window material. Figure 4 shows 

the LED in cross-section. 

Since a proportional counter detects every photon absorbed in 

the counting gas, the counter efficiency 

where Ti d , T are the energy dependent X-ray transmission of w now gas 

the window and gas layer. The transmission T of a layer of material 

on£ T = e , where o is the cross-section per atom to absorption, n is the 

density of the material in atoms per unit volume, and£ is the thickness 

of the material presented to the X-rays. Detector response is thus 

predicated upon the choice of window and gas thickness and material. 

The LED used propane counting gas at a pressure of 20 cm Hg, while the 

HED used P-10 counting gas (90% argon and 10% methane) at 83.6 cm Hg. 

The choice of the window material for each detector was a compromise 

between window ~trength and X-ray transmission. Each window was required 

to support the counting gas pressure across a square 0.42 cm on a side, 
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Figure 4 

Cross-section of the low energy detector (LED). The collimator 

limits the detector field of view to 3° FWHM. The bottom and side anode 

cells form a guard layer in anticoincidence with the active layers. 

The polypropylene detector window is epoxied onto the Z-frame with its 

carbonized layer facing into the counter, in order to form a ground 

plane for the first anode layer. 
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the collimator grid spacing, while showing an acceptable X-ray trans­

mission in the desired energy range. These considerations led to the 

choice of carbon-coated 0.00015 cm stretched polypropylene for the LED 

and 0.00062 cm aluminized Mylar for the MED. 

The gas control system for the two detectors is shown in Figure 5. 

The Mylar MED window was thick enough to be leak tight for the duration 

of the flight, so that its gas system consists only of two valves to 

open the detector so that it can be continuously purged in the tower, 

then sealed shortly before launch. The MED was pressurized to 83.6 cm, 

slightly above atmospheric pressure, because the window is supported by 

the back of the collimator only against positive detector pressure. 

Gas control of the LED is more difficult because the thin polypro­

pylene window is subject to diffusion and pinhole leaks, and because the 

detector cannot be filled to its operating pressure of 20 cm absolute 

on the ground. The LED is filled to 20 cm above ambient in the tower, 

and is then vented by a large-flow "pop-off" relief valve to maintain a 

differential pressure less than 25 cm during ascent. During the experi­

ment, deteccor pressure is regulated at 20.0 cm by a Hoke mechanical 

regulator. The detector is flushed with propane until two minutes 

before launch. Laboratory tests showed that detector performance did 

not deteriorate significantly from diffusion of atmospheric water vapor 

and oxygen through the thin window for several minutes after purging 

stopped. It was thus decided not to flush the detector in flight, as 

had been done with previous Caltech proportional counter payloads 

(Stevens 1973, Moore 1975, Long 1975). The low vapor pressure of propane 
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Figure 5 

Schematic diagram of the gas control system for the LED and MED. 



117 

Key, @ Solenoid Valve 

Fill Port 

ffi Hand·-operated Valve 

.+ Pullaway_ Connection to Ground Equipment 

Onboard Propane Supply 

LED 

MED 

Conax Regulator 
200 psi in, 25 psi out 

Filter 

Hoke Regulator, 20 cm Hg out · 

vent 

vent 

Rerief Valve (set to 25cmHg) vent 

Figure 5 



allows its storage in liquid form. A small onboard tank carried 250 g 

of propane for pressure regulation and refilling the detector during re­

entry. 

"Z-frames" were constructed to allow window replacement from the 

front of the detector simply by removing the collimator. In previous 

flights in a sealed configuration, when no window changes were antici­

pated, the windows were mounted internally. Window replacement required 

removal of the detector from the payload and almost complete detector 

disassembly. Since we planned to install flight windows for both detec­

tors at the launch site just days before the launch, window frames that 

could be mounted to the front of the detector were desired (seen in 

cross-section in Figure 4). Previous detectors in Caltech payloads had 

been designed so that windows ~ould be mounted on flat aluminum frames, 

but the constraint that the new frames fit between the existing colli­

mator and the detector body required a three-dimensional frame with a 

vaguely Z-shaped edge cross-section. It was decided that the most 

economical method of manufacture was to press the frames from flat 

aluminum stock. This task was contracted to the California Hydroform­

ing Company, El Monte. The cost for the frames was $158 each for an 

order of 12 (one of which was actually used in flight), plus the machine 

shop charges for trim and hole pattern at Caltech. A considerable 

saving was had over similar Z-frames for the HEAO-A2 LEDs, each of 

which was machined out of a single piece of aluminum at a cost of about 

a thousand dollars. 
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Mylar aluminized on one side, of thickness 0.00062 cm, is com­

mercially available and needed only to be bonded to the Z-frames. Both 

Mylar and polypropylene windows were epoxied to the frames with an 

epoxy consisting of Shell Epon resin 828 and curing agent V-40. The 

Mylar was mounted on the frame so that the aluminized side faced the 

detector. It was necessary to paint the edge of the window in places 

with Aquadag graphite suspension to ensure electrical contact between 

the aluminum layer and the Z-frame. The aluminized layer thus formed 

the ground plane for the top layer of detector anodes. 

Polypropylene windows were stretched from commercially available 

0.0025 cm sheet. The window side facing the detector was carbon coated 

to form a ground plane. Stretching and coating techniques have been 

discussed by Stevens (1973), Moore (1975), and Long (1975). 

Window transmission was calibrated by measuring the transmission 

of Po-210 alpha-particle fluoresced K X-rays of boron (185 eV), carbon 

(282 eV), oxygen (523 eV), fluorine (677 eV), and magnesium (1260 eV) 

for the polypropylene window. Klines of carbon, magnesium, aluminum 

(1496 eV), and silicon (1753 eV) were used to calibrate the Mylar windows. 

Transmission was measured over a series of long strips covering the entire 

window. The Mylar transmission data were well fit by a uniform Mylar 

2 thickness of 868 µg/cm. Polypropylene windows used in previous Caltech 

sounding rocket experiments did not show the transmission expected from 

a layer of uniform thickness, and were fit by a "two-thickness" model 

(Stevens 1973, Moore 1975, Long 1975). Considerable progress in the art 
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of window stretching, motivated particularly by the production of windows 

for the HEAO A-2 experiment, has occurred since that time. Since no 

changes in window stretching technique had occurred, it appears that 

the improvement of window quality is the result of practice in the pro­

duction process. Transmission of the polypropylene LED window was fit 

quite well by a uniform thickness model (Figure 6), except for a slight 

deviation at the oxygen line, which was shown to be the result of con­

tamination of that line in the test source by carbon X-rays (Tuohy, 

private communication). Figure 7 shows the net quantum efficiency of the 

two detectors, including window transmission and counter gas absorption. 

The interaction of X-rays with the counter gas, and subsequent 

charge amplification to produce a charge pulse on the anode, has been 

reviewed by Giacconi et al. (1968). 

IV. PROPORTIONAL COUNTER: PULSE AMPLIFICATION AND PROCESSING 

The event processing subsequent to the deposition of charge on an 

anode wire in this experiment has been described in detail by Birsa, 

Glasser, and Ziegler (1972). Only a brief sunnnary of that process will 

be presented here. 

The detectors are wired so as to divide the counting gas into cells 

of 1.27 cm square cross-section which run the length (50 cm) of the 

counter (see Figure 4). Each cell is formed by a central anode wire 

and ground plane wires. The LED consists of three layers and a fourth 

guard layer on the bottom and sides, while the MED has four active 
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Figure 6 

X-ray transmission of carbon-coated polypropylene window used in 

flight as a function of X-ray energy. The curve shows the expected 

transmission for a pure polypropylene window of surface density 

-2 132.7 µg cm . The statistical errors in the measured points are 

smaller than the plotted symbols. 
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Figure 7 

Net efficiency of the LED and MED as a function of energy. 



124 

0 
-----.,...-----.-------,--------..---,,--~ (\J 

0·1 

0 
w 
.....J 

9·0 vO 
,(o ue, ;o ! ll 3 

0 

q 
LO 

q 
C\J 

0 • 

LO 
d 

C\J 
d 

o·o 

-> 
Cl) 
~ ,... ....... 

Q) 

>- ~ 
::I 

c,, bQ 
•.-1 .... ~ 

Cl) 
C 

u.J 



125 

layers and a guard layer. Events occurring in an active layer are 

rejected if there is a coincident event in the guard layer or in another 

active layer of the detector. This is to reject charged particles, 

which leave a long ionization path traversing several cells. The 

"marked bit" discrimination of previous flights of this payload, which 

identified events coincident in horizontally adjacent anode cells, was 

disabled for this flight. It had been shown previously to make no 

significant improvement in the detector background (Rothschild, private 

communication). For an event to be accepted as a valid X-ray event, it 

must pass low and high level discriminator thresholds. 

The rocket PCM-FM transmitter is continuously modulated with a 

repeated format consisting of 64 frames of l6-bit words. The bit rate 

is 100 kHz. The first valid X-ray event occurring during a word is 

pulse hieght analyzed into one of 128 energy channels, Telemetered infor­

mation about that X-ray event consists of 7 bits of pulse height informa­

tion and 3 bits of layer and detector information. Subsequent X-ray 

events are scaled only, 5 bits of scaler information being also trans­

mitted every word. 

The scaler data provided very high time resolution information 

about a source. Dead time for each event was less than 10 µsec, so 

that data loss for Cyg X-1 and Cyg X-2 was typically less than 1%. 

Scaler data were transmitted for each 160 µsec bin. Pulse height 

analyzed (PHA) data could be transmitted for only one event every 

160 µsec, and also had a fixed duty cycle only about 90% of that of 

the scaler. The scaler summed events from all the layers of both 
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detectors, so that even the energy information in an event from the 

different energy responses of the two detectors was lost. Counts from 

the diffuse X-ray background in the lowest energy channels of the LED 

could be easily excluded from the PHA data after the flight, on the basis 

of the energy information. That flux produced a substantial background 

-1 
(about 200 cts sec ) in the scaler data. 

Since no explicit temporal structure faster than the shot noise 

variation was detected, the limitations of the scaler data were not 

serious. PHA data were used for all analyses except for the search 

for millisecond bursts and the fast autocorrelations. Dead time car-

rections for the PHA data, calculated for each data set from the ratio 

of the scaler to PHA counts, were of order 20-25%. 

V. IN-FLIGHT EXPERIMENT CALIBRATION 

Verification of instrument performance was obtained by radioactive 

X-ray sources, mounted in the experiment doors, which were observed 

during ascent and reentry. These data serve to demonstrate the response 

of the proportional counters to monoenergetic X-rays. 

Figure 8 shows pulse height analysis data for 15 second integrations 

of calibration data from each detector. Both show peaks which are 

satisfactorally fit by a gaussian energy response to mono-energetic 

X-rays. Pre-flight calibration had confirmed that the channel number of 

the peak was indeed proportional to X-ray energy E, and that resolution 

b d • i l EO.S t d f ti 1 roa ening was proport ona to , as expec e or propor ona 

counters. 
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Figure 8 

a) Pulse height data from a 15 second integration of LED calibra­

tion source. The calibration line was the 1.50 keV KaB line of aluminum, 

produced by fluorescence in Al foil by Po-210 a-particles. The observed 

line is fit by a gaussian with full width at half maximum of 32.7%. 

b) Similar pulse height calibration data for the MED. The cali­

bration sources were an Al KaB source, as in the LED, and a radioactive 

Fe-55 source that produced the 5.98 keV KaB line of manganese. Both 

peaks are fit by gaussians. 
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Two major irregularities were evident in the calibration and 

experimental data: 

1) The counting rate in layer 2 of the MED shows repeated sharp 

drops and slow recovery (time of whole event about 1 second), which 

appears identical to the detector behavior seen when high voltage break­

down was experienced in laboratory tests. The change in counting rate 

indicates the loss of gain and slow recovery resultant from the decrease 

in anode voltage caused by breakdown somewhere in the high voltage net­

work. This behavior commenced approximately 282 seconds after launch. 

All data after that time were rejected from further analysis. Data 

taken before the commencement of breakdown are believed to be clean be­

cause (a) the search for millisecond bursts turned up many I-millisecond 

bins with anomalously large numbers of counts after T+282 seconds, but 

none before that time, and (b) dips in the layer 2 counting rate show 

up clearly as bursts in the anti-coincidence rate, none of which are 

seen before T+282 seconds. 

2) The gain of the LED increased by more than 50% between the 

ascent and descent calibrations. LED pressure transducer data show 

that the detector pressure was rapidly decreasing through the ascent 

calibrations and settled shortly after the end of those calibrations. 

This pressure anomaly may have been the result of a possible constric­

tion in the flexible tubing connecting the LED and its pressure regula­

tor, which could slow the backbleeding of the detector down to the set 

pressure. Since, in the operating region, detector gain goes as approx­

imately the inverse seventh power of the pressure, the LED pressure 
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readings, accurate to± 0.5 cm Hg, are not accurate enough to calibrate 

the detector gain. However, a limit can be set on the rate of change 

of the gain during the time span of the source observations and final 

calibration of d(ln G)/dt ~ 0.0008/sec. The counting rate of the low 

energy diffuse background is a steep function of energy, so that the 

counting rate in certain channels of the LED is a function of gain. 

-1 A change in the gain of d(ln G)/dt = -0.0011 ± 0.0002 sec could be de-

duced from the change in the counting rate in LED layer 1, channels 

6-10. The gain during source observations from T+161 sec to the first 

reentry calibration at T+346 sec is thus known to about± 10%. Fast 

changes in the counting rate in broad energy bins, which are the subject 

of temporal studies,were thus little affected by the gain shift. Spectral 

fitting of the LED data was more difficult, as changes in gain of a few 

percent resulted in shifts of best-fit spectral parameters by amounts 

substantially greater than counting statistic errors. Lower energy 

detector spectra were thus used only in conjunction with MED data. In 

the spectral reduction, the power law index and normalization determined 

by the MED were held fixed, and the low-energy absorption and gain were 

treated as free parameters. 
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APPENDIX B 

THE CORRELATION PROGRAM SUPERCOR 

I. INTRODUCTION 

Additional observations of Cyg X-1 would be valuable in refining 

the results of Chapter 1 of this thesis. In particular, cross­

correlations of the energy-resolved X-ray flux may confirm the time lag 

suggested by data from the sounding rockets 13.010, 26.037, and 26.038. 

Further data will also refine values for the auto-correlation and time­

skewness functions to yield more information about shot shapes and time­

symmetry. Since the GSFC-Caltech-Berkeley-JPL HEAO-A2 experiment 

promises to deliver such data, this appendix was written to document the 

correlation program used to analyze the rocket data. It is hoped to 

thus facilitate analysis of the satellite data. 

SUPERCOR (a listing of the program is included as Exhibit 1) is a 

program to calculate auto-correlations, cross-correlations, and time­

skewness functions (jointly referred to below as "correlation functions") 

of real and simulated data. In addition, parameters A, T, hand f 

(see below) for a model of exponential shot pulses can be determined 

from a data set. Correlation functions of a series of data sets can 

be calculated and averaged to determine a mean correlation function. 

The program is written in FORTRAN for the Caltech IBM 370 computer. 
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II. CORRELATION FUNCTIONS 

Several different correlation functions have been useful in the 

da ta analysis reported in Chapter 1. Sutherland, Weisskopf, and Kahn 

(1977) (henceforth SWK) define the "partially unbiased autocorrelation 

function: 

~ 
~ R u 
Pu = (1) ~ R I 

u 

1 N (N-u) N -2 ~ L s)(si-u s) ~ R = (s. - + (s. - s) . u N 1 N2(N-1) 1 

i=l+u i=l 

For a shot model assuming exponential pulses of the form I(t) = he-t/To 

(t > 0), the shot decay time T can be calculated by fitting the calcu­

lated autocorrelation points p to equation (2) of Chapter 1. The data 
u 

sets used in the analysis of the rocket observations were long enough, 

N = 205, that the second correction term on the right hand side of (1) 

was small. For that reason, a simpler formula was used to calculate 

cross-correla tions. The parameter to be extracted from cross-correlation 

data was not the shape of the decay from maximum, but the position of the 

peak of the cross-correlation. If the cross-correlation peaked at some 

T # 0, a time delay between flux at different energies within a shot 

would be indicated. The cross-correlation was thus defined: 

(2) 
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min(N,N+u) 

R 
u 

1 = ----.--.-
N-1 - lul I: 

max(l,l+u) 

An autocorrelation is calculated if si,HI = si,LO' in which case 

R = R u -u In the limit of large data set length N, and small bin size 

T such that T/T << 1, the autocorrelation (2) can be corrected for count­
o 

ing statistics to yield an unbiased estimate of the autocorrelation of 

the original signal. The correction for statistical noise in the u = 0 

term is: 

(3) 

The time-skewness function is calculated to estimate the function 

00 

TS(T) = J [f(t)f
2

(t-T) - f
2
(t)f(t-T)] dt (4) 

00 

where f is the instantaneous photon flux at the source. It is calculated 

in an unnormalized form: 

N 

TS(u) I: (si 
2 2 

s. ) (5) = s - Si i-u 1-u 
i=l+u 

The expected value of TS(u) can be calculated from the parameters of a 

shot-noise model. Since TS(u) is antisymmetric about u = 0, it can be 

useful in the determination of a sense of the time asymmetry o·f the 

shots. 

If an exponential shot noise model is assumed, shot parameters 

A, T , h, and f (see Equation 7, Chapter 1) can be determined from the 
0 

autocorrelation, mean counting rate, variance, and third moment of the 

observed signal. 
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III. THE PROGRAM SUPERCOR 

The program SUPERCOR in its present configuration reads from 

punched cards a data set on which a correlation function is to be per­

formed. Control parameters which determine the mode of correlation 

function to be calculated from the data set, input and output, etc., 

are also read from cards. We describe below the format of the input 

data and the program routings determined by them. 

The first data card contains a number of flags which set the mode 

of the calculation, and control plotting and averaging functions (READ 

statement 32, FORMAT statement 202). KERNEL is a seven-digit random 

number to prime the random number generator. It is required if simulated 

data are to be generated. ICONV controls the mode of the correlation 

function. If ICONV = 1, the raw auto- or cross-correlation function of 

equation (2) is calculated and, if an autocorrelation, corrected for 

the counting statistical contribution to the zeroeth term by equation 

(3). ICONV = 2 orders the calculation of the "partially unbiased" auto­

correlation of equation (1). Correction for counting statistics is done 

on the averaged autocorrelation only in the subroutine CORAVG. If 

ICONV = 3, an unnormalized time-skewness function [equation (4)] is 

calculated. ICONV = 4 calculates no correlation function and returns 

only the value M3 of the third moment of the data set. 

IWRT = 1 commands output of each input data point before and after 

correction for the mean. IPLOT, if set to 1, orders production of a 

plot of the correlation function for each individual data set. !PUNCH 
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has nothing to do with punched cards, but if set to 1 activates the 

subroutine CORAVG to average the correlation functions calculated for 

each data set input or generated by the program. CHNKEY is a linear 

array of length 7 used to assign data read from input channel J to the 

internal data location XSCAL(I, CHNKEY(J)). ISHOT, if set to 1, calls 

the calculation of the shot noise parameters A, T , h, and f. 
0 

The second data card (READ statement 33, FORMAT statement 501) 

contains the background level for each energy channel 1-5 of the in­

ternal data array XSCAL and an estimated correction factor ZETA used 

to calculate the unbiased autocorrelatimn (see Section VI). 

A flag ITEST on the third card (FORMAT statement 200), if less 

than zero, calls for the generation of simulated data with shot noise 

parameters read from that card (READ statement 34, FORMAT statement 

201) (see Section V). If ITEST ~ 0, as will be the case for an input 

data card (READ statement 3, FORMAT statement 100), the third card is 

treated as the first in a series of input cards which supply counting 

rate data for temporal bins I= 1 to IMAX. The counting rates for each 

of the seven input data channels are added into the internal data set 

XSCAL so that counts from the J th input data channel on card I are 

added into XSCAL(I, CHNKEY(J)). XSCAL(I,5) is defined as the sum of 

XSCAL(I,1-4). A blank card terminates the data set and sets IMAX to 

the number of data cards previously read. One card calling for the 

generation of a simulated data set is thus equivalent to a series of 

cards containing a real data set including a final blank card. 

If a real data set has been read, the first card following the 

data set specifies the bin numbers JLO and JHI and a title to identify 
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plotted output (READ statement 35, FORMAT statement 108). XSCAL(I,JLO) 

and XSCAL(I,JHI) correspond to si,LO and si,HI of equations (1) and (2). 

If JLO = JHI, an autocorrelation or time-skewness calculation is per­

formed on the data in XSCAL(l-IMAX, JLO). If JLO # JHI and ICONV has 

been set to the appropriate value 2, a cross-correlation is performed 

between XSCAL(l-IMAX, JLO) and XSCAL(l-IMAX, JHI). Successive cards 

may specify new values of JLO and JHI to call another correlation func­

tion. A card with JLO = 0 calls the reading of a new data set, while 

JLO < 0 resets the program to read a new first card (FORMAT 202) but 

does not reset the data summed in CORAVG. 

When artificial data have been generated, JLO and JHI are set in­

ternally and only one correlation function is calculated. JLO = 1, 

JHI = 2 if ICONV = 1, and JLO = JHI = 1 for ICONV ~ 2. Artificial 

data generated in "LO" and "HI" channels are stored in XSCAL(l-IMAX, 

1 and 2) respectively. 

IV. THE AVERAGING SUBROUTINE CORAVG 

Any estimate of the correlation function of a train of data from 

a single data set of binned counts is subject to errors from both shot 

and photon statistics. The method used to estimate the error of a 

correlation function was to break the data set into several smaller 

sets, and examine the variation of the correlation function as cal­

culated for each of the smaller data sets. The long exposure on 

Cyg X-1 of flight 26.038 was thus broken into four 20.99 second data 

sets for analysis. 
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The subroutine CORAVG sums each correlation function calculated 

during the program to form means and errors of the mean for each point 

of the correlation function: 

1 
M 

Pu = r Pu,i M 
i=l 

(6) 

M-1/2 [ 1 
M 2] 1/2 

er = r (pu, i - p ) 
u (M-1) 

i=l u 

where M correlation functions have been calculated from a like number 

of data sets and p i is the uth term of the correlation function u, 

calculated from the i th data set. The program allows M ~ 10. In 

its current configuration, CORAVG is useful only when a single cor­

relation function is performed on a series of sets from the same data 

stream in a single running of the program. Plotting and punching 

of the average correlation function are controlled by internal sub­

routine variables IPUNCH and IPLOT, which are set by a DATA statement. 

Autocorrelations are roughly corrected for statistical effects 

in the u = 0 term by applying equation (3). The variance R
0 

and mean 

counting rate s used are averaged over the M data sets. Since all 

calculations of delay times are based on the ratio of terms p with 
u 

u ~ 1, this correction is not critical as it is applied to all terms 

u I O. Uncorrected autocorrelations requested by ICONV = 1 are cor­

rected for counting statistics in the main program. They cannot be 

averaged hy CORAVG, as the correction would then be applied twice. 
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V. THE DATA SIMULATION SUBROUTINE FAKEDT 

It was felt useful to include a subroutine to simulate a signal 

consisting of random shots with a falling exponential shape. The data 

handling constraints of the rocket electronics are simulated in this 

subroutine. In particular, only one count per 160 µsec bin can be 

generated (see Appendix A). 

The artificial data are summed into 0.1024 second bins, as were 

the real data analyzed in Chapter 1. The following input parameters 

characterize the artificial data stream: TAULO, TAUHI, TAUOTH are the 

decay time of a shot in the energy bands LO [to be summed into 

XSCAL(l-IMAX,1)], HI [XSCAL(l-IMAX,2)], and OTH(er), which is used 

only for its anti-coincidence effects on LO and HI. Shots appear in 

the three energy bands with a peak counting rate HLO, HHI, and HOTH 

-1 
counts sec The shots occur on top of a constant flux per band CLO, 

-1 CHI, and COTH counts sec A constant background rate BACKGD in a 

band outside LO, HI, and 0TH is also significant only for its anti­

-1 
coincidence effects. Shots occur at a random rate LAMBDA sec The 

leading edge of a shot in the HI band lags the start of the same shot 

in the LO and 0TH bands by DT seconds. NFAKE determines the number of 

0.1024 second bins of artificial data to be generated. The KERNEL 

input to the random number generator is regenerated each time it is 

used, so only one value must be input at the start of the program. 
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VI. CALCULATION OF EXPONENTIAL SHOT PARAMETERS (!SHOT= 1) 

SWK show that, for an assumed exponential shot signal characterized 

by A shots sec-l of peak flux h counts sec-1 , falling exponentially 

from the peak with decay time T sec and comprising a fraction f of the 
0 

time-averaged flux, all four shot parameters can be recovered by analysis 

of the data stream. 

The shot decay time T is determined by a least squares fit of the 
0 

auto-correlation defined by equation (1) to the form of equation (2), 

Chapter 1. This least squares fit is performed in the subroutine MKWFIT. 

The intrinsic mean rate s ' variance V, and third moment M
3 

of the 
s s 

counting rate can be used to calculate the other three shot parameters 

(see equation (7)' Chapter 1). However, the measured moments of the 

data must first be corrected for experimental effects. 

The measured moments of the counting rate are defined: 

1 N 
< s) = N 

}: Si 
i=l 

1 
N 

2 
V = }: (s - ( s )) (7) 

N i=l 

1 N 3 
M3 = }: (s - ( s )) . 

N i=l 

These measured moments can be biased by the effects of finite bin width, 

counting statistics, and finite data train length (SWK). For bin width 

0.1 second and characteristic shot decay time 1 second, binning effects 
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are not important. The average counting rate ( s ) is not biased by the 

latter two effects. V and M3 may be corrected for counting statistics 

in a straightforward manner: 

V =V-(s) 
s 

(SWK). 

(8) 

The variance V has a bias due to correlations in the shot process 

which cannot be removed without the assumption of a specific shot model. 

Fortunately, the correction term is small for the data sets analyzed 

herein. The correction terms (zeta) defined by SWK such that 

N 1 V = (--) -- R can be calculated as a function of T if corrected N-1 1-s O o 

we assume exponential shots. For T = 1 sec, sis of order 5%, so that 
0 

i t was included as a fixed correction factor ZETA into the program. 

The scatter in determination of M3 from data set to data set was so large 

that data set length corrections were negligible. 

The shot parameters A, T
0

, h, and f were calculated separately for 

each data set. Values from the several data sets can be read from the 

printout and averaged to determine the mean and error of each parameter. 

No provision exists in the program to do this averaging. 
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Exhibit 1 

The Program SUPERCOR 

C 'SUPERCC~• IS A PROGPA~ rr [C A~TC- A~O (Q~SS-CCRRfttTICNS CF CYG )-1. 
C D':L4Y UU IS !~. LtJITS Cll' 0 ■ 1024 S ■ TAU>C I "'FLIES Tl·H lHE LCh Et'\Ef.GY CHA 
C LjGS HICH E~E~Gi r,rA. cart IS IN XSCAL(E2C,5l= (Tl/IE; l=0.6-1.5 KV, 
C 2=1.~3.C KV, 3=?. ,)-t;.0 i,;v, '•-=>6.C l<V, 5=>3.0 KV.) 

l~T~GER CCU~TS17l 
INHGER CHt-:'< FY 17 l ,U 
R~Al ~3.~3S,l~WTAU,l~~.La~ec~ 
CI~E~SICt'\ X~EA~l5l,X~Cfll320,~l,TJTLEl6l,XLCl82Cl,XHll8201 
D(/l~~SIC~ ~(2Cll ,~LKC(~),tINl~B) 
E·JUl'/ALEl\1(:= (Q( 1,1;'),•lf~: I 111 
EQUIVtil"t-.t:E tXSCAL 11,ll,XLGtlll, tXSCALll,21,XHllUl 
Cl LL ~ E R i': A •J I 5 I 

32 RE~D 15,21~1 KEµ~~L,ICC~\,lhRT,lPLCT,IPL~CH,CHl\l<EY,ISHCT 
202 FCk/lH ll",12121 • 

~~IT~ 1~,?9~) KfR\fl,ICCl\~,lh~T,IPLCT,IFUNCl',Cl'l\KEY,ISl'CT 
zq9 F01{"1lT ( 1 t<.~PNEL=',19, 1 ICL.l,\/=',12,' l~RT-=',12,' IPL0T=•,12, 

*' IPUl\(l':',12,' CI-I\KfY=',71 .2,' ISH'JT=•,121 
33 RE~D 15,501) nCKD, ll=TA 

WRITE (6,50ll ~CKO,l'::TA 
501 FCqt-'AT t6Fl0 ■ J l 

C l~Rl=l ~RITE l~P~T DATA, X!(jl 
C ICOfN= 0 ~F-11\KMAI\ l\'IJRM; ICCW=l OP NflR"I 
C ICC'1V=2 _.,F.ISSl<Q?F (1<;771 I\Cf.~ 
C ICCJPW•3 CALCLL.\TE lIMF.-SKEM/\~S:i= 
C 1/11.* :.'.l~ CF IXITl•X(T-TAlJl"'•2-X(TJ••2*X(T-TAUll 
C ICOVs4 C.\L~LLATE n CI\I.Y. IPLCT, IPU~JCI- APE IIUT □ t',HICALLY O. 
C IPLCTsO ,~G PLOTS 
C tPU!ICH=l AVERAG~ All. CC~RFLtTICN FU~CTICNS AT ~NC OF PROGMA,... 
C ISl-iJT:zl CHCULATE SHCT-NCIH PARA"S FOR EACt,, CAT., SET. USE IC:CNV""2 ■ 
C CATA F8K BCKC, ZETA /ILST tE E~TERED (CTHERhISE Tt-EY ARE ~CT USEC.I 

13 DC 14 [al,A20 
10 l 4 J: 1,,; 

14 XSCALll,J):J. 
I = l 
RE,o 15,200,EI\O•~~> ITE5T 

200 FCP",H I [61 
CALL xet,CK 
tF (ITEST.GE.<'1 GU TO 3 

34 REAC (5,2011 TAULO,TAllH,T4UCTh,H0,1-HI,HOTH,CLO,CHI,COTH,~ACKGD, 
* LA,..30A,DT,~FAKE 

CALL FAKECT(TAULC,T~UHl,TAUOTH,HLO,HHl,HCTH,CLC,CHI,CCTH, 
• eACKGC,LAMdCA,DT,hf~~E,XLC,X~l,KERNELJ 

201 FORMAT (lOX,12F5.2,l5l • 
tMAX=NF.AKE 
GC TO 30 

3 RFAC (5,1no1 CCUNTS 
100 FCR/IAT lt.X,il41 

IF ICCUNTS(1).EQ.O.~I\C.CCUI\TS(4).EQ.OJ GC TC 1 
OD 2 J"'l,7 

2 XSC/ILII,CI-NKEY(Jll= XSCtLII,CH\KEV(Jll+ CCUI\TS(Jl 
XSCf.l(l,51= XS<:Alll,41+ XSCALl!,31 +XSCALCl,2l+ XSCALII,lf 
la I+ l 
GC T'J 3 

l (MAX=I-l 
30 WRITE lt,101) IMAX 

101 FORW ,\T (' ~0 CF f'lt,5=',14) 
DO t. J=l,':> 
X"'EtN(Jl:O. 
0~ 7 l:l,TM4X 

7 x~eA,(Jl= XMEA~(Jl+ xscaL(l,JI 
X "E .0 N I J I = X ~FM\ ( J ! / IM .tX 

f WRJTC lt,104) J,XrEA~IJJ 
104 FC~"1AT I' J=',I3,' Y"'EAl\(Jl=',Fl2.5J 



DC 4 I= l, Pl/IX 
IF (f,.S:.T.CT.C) 
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•WQllE 16,1021 (X'.;Ci'Lll,Jl,J=l,51 
102 FCR~AT llX,5Fl0.41 
103 FCMMAT (6X,5FIJ.4l 

DC 5 J=l,5 
XSCRT=SQRTI XSCALI ! ,JI I 
IF (XSCi'T.L r.c.-;1 X<;()RT=l. 
IF I ICCt, V .GE .1 I X<:.lw!H=l • 

5 XSCAL<l,Jl= IXSC:.Lil,JI-Xh:AI\IJII/XSl:rlT 
IF (lwRT.(T.iJI 

• I> R I T E ( t , , l 0 J I I X ~ C f. L ( I , ., l , J = l , 5 l 
4 co :11T[NUE 

12 JLC=l 
J i-f ( =2 

35 IF I ITEST.G~.al REtO l!,lCB,Fl\0~~91 JLO,J~I,TtTLE 
IF I I TE~ T.GE .Cl I Gn Tel , I 
IF ClCL~V-GE.21 J~l=l 
CALL CUTCO~ITJTLE,NCLTI 
W~ITE (t-,2031 TAULC,TAUI-I 

203 FCRM<\T ('TAU=',F4.l,' s•,zx,•TAU•',F4.1,' S ,, 
CALL Cl. TCllR 

21 WRITE le,1051 JLC,JHl,TITLE 
IF (JLC.EC.-11 GG Tr ?2 
l F ( J l C. EC. 0 I GO TO l? 

1C8 Fa~~AT (212,6A41 
105 FOR11T (// 1 JLC=',12,' ~H[2',12,2X,6A4l 

~3=0. 
DC 31 l 1'3=1, lt,' AX 

31 M3= ~3• XSCAL(IM3,JLOI*•? 
"3-=P-3/IP'AX 
WR[ TE Cl: ,Jill I PO 

301 FCRM.\T I' 113= •,E14 SI 
IF I lCCIW.EQ,41 :;c TO 22 
DC a KRCOT•53,l49 
Y.•Kl<CClT-101 
R(KR[(Tl=O. 
IF CJLC,EC ■ J~I.AND,K.Ll.O.ANC,ICC~V.~E.3> GC TC 10 
NC~~=IMAX-1-IA~S(KI 
IF IICC~V,GE.21 I\GMP'=lMlX 
ILC~ER•l+K 
IF (K,LT,Cl lLO~ER•l 
I\JFP=R•IP'AX+K 
IF (K.GE,CI ILPPF.Q=IMAX 
tF I ICCNV , 'JE .? I Gr; TO 1, ?4 

C CALCULATE llP'E-SKEhNESS 
01) 2() I:1L 1J1,E'P,IUPPER 

20 R(KROCT)a R(KQCCT) ♦ XSCtltl,JLOl•XSCAL(I-K,JL0)••2-
* XSCAL(l,JL1l**?•X~CALII-K,JLCI 

GO TJ 1q 
1234 C'.I ~ I= ILr,ir:R, IlJPPEP 

9 R(KROCTI= ~IKPCOTI+ X~Ct~Cl,JLOl• XSCAL(t-K,JHI) 
19 RC~~OOTI= R(KRCOTl/~0~~ 
10 CCI\Tl~UE 

8 CUI\TINL" 
IF I ICCI\V.t\JE,2) CO TO 17 
co· u 1<=102,149 
U=K-101 

19 RIKI= RIKI+ (IMAX-Ul*R(lJll/([~AX-11/IMAX 
17 XNfi;•◄ -=RCl0ll 

IF (ICCl\~.FC.31 XNC~~=2COO. 
W~ITE lt,lCol XI\CR~ 

lC6 F~R~AT (' NCR~ALIZir. P(TAU=Cl=•,F12.51 
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DC 11 K=53,l4<; 
11 RIKI= l<(K)/Xl\;IJII~ 

C CCR~ECT AUTC-COPPfLATIC~S F(R PCISSCN NOISE IN ZFRn TERM. 
IF (JLC.~~.JHII GO TC 15 
IF IICl,~,V.GE.21 CO TO I~ 
CJFR=X~(R~/IXI\. Ql<~-X~~t~(JLCII 
wti.IT': tt,4021 CC!<r' 

4C2 FrOWAT I' COR~=•,Fl0.51 
CC 16 K= 102, 14'1 

16 RIK): R(K)~CORR , 
15 CCi\T{ll;UE 

io,AITE lc,t.J7) R 

U:T FC!HHT IIX,lOFl0.51 
IF IIS~CT.EQ.01 GC TO 2!46 
CALL ~~~FIT CPIN,l~A~,2~,X,TAUI 
X'1Eh,'JO: x ~; E,\N(Jllll-!l(K'.;1 .JLGI 
VS= XNCl.~""(ll't.X/ll~A:<-1.011*(1./ll ■ -Z=TA))-)CMEANIJLOI 

M3S= ~3- ~.~~s- X~EAl\.{Jl(I 
HT23= 1-'3S/VS 
I-IT= l .5•~T23 
H: HT/C.1O24 
LAMTAU: 2 ■ *VS/HT~*2 
CTx irEAl\.(JLCI-HT•LA~TtU 
cro =c1-0rKn(JLr1 
F•l .-CTO/X'1EM10 
HTI\U=~i.,T,'IU 
LA)l=LA"IAI:/ T.lU 
wRITE (6,5121 X~CR~,X~EANIJLOl,X~EA~C,VS,~3,~3S,HT,LA~T,'!U,CT,CTO, 

1 F,HTAU,LM•,TAIJ 
502 FCR~AT (' RC X~EAI\. XMEAI\.C ~5 WJ ~3S ~1 

lL,'!~TAU CT CTO F HTAU LA~BDA T~U'/' ' ·,14FE.31 
23'96 IF (IPLI\.CH.Ft.01 GC Tf 2345 

CALL CCPAVG (JLO,JHl,X~EA~IJLCl,XNOP.~,TITLE,RI 
2345 IF (IFLCT.H.01 GO Tt:" .22 

CALL 6CX IJLC,Jl-lt,TtTLE,RI 
22 IF IITFST.LT.01 GO TO 1.: 

GC HJ 12 
~<; IF ( IPU..,01.NE.OI CALL FI.CTUP 

STDP 
Fr,;o 
SU6ROLTl"E BCX lllC,11-1,TITLE,RI 
Cl~ENSICN TlTLElcl,~(~Cll 
Z-='l 
IF (ll'J.EC.11-111 Z2 l 
CALL './LABEL 10.,0.,-z,z, 10.,1:>,•RH0 1 ,3,l, 1 IF4.l)',41 

· C~LL VLABFL( o •• ~.,-1oc.,1c0.,10.;10,•TAU (0.1024 S1',14,0,'(F5.0J 
• •, 4 I 

IF IILC.EC.1~11 GO Tr. 1 
CUL SYSS"T'I (7.5,<;.,C.14,'CF"CSS-COPRHATICll.',17,0.I 
CALL SYSSY '-1 (7.5,r.e.C.I4,'L0 C4A"l•IEL=',ll,C.I 
CALL SYSSY~ (~.0,8.8,0.14,TITLElll,12,0.I 
C.UL SYSSYMl?.5,8.6,0.14,'rll CrAN'lEL=',11,0.) 

· CALL $YSSY ·'·I (c;.o,~.6,C.14,l lTLl'l41,12,0.) 
CALL SYSSV'I 17.5,8.4,C.14.•TAL>J= LC CHA"NFL L~cs•,22,0.1 
GO TO 2 

1 CALL SYSSYM (7.5,9.0,0.14,'AUTnCORRELATIC~•,15,C.I 
CALL SYSSY'1 (8.0,8.q,C.14,TlTlflll,12,0.l 
CALL SYSSY~ ,e.c,3.6,r.14,TITLEl41,12,C.) 

2 CALL S"T'EPLT (-0.0?5,5.,~I 
OC 3 1•1,201 " 
X=5.+ I 1-1011/20. 
Xl= X-C.025 
X2= X+0.0?5 



Y= (5./ZJ•qlll+5. 
CALL SYSFLT(~l,Y,21 
fAll ~'\'SPLT (12,Y,21 

3 CC.NT I NUE 
C All S '\'SE •,O I 1 , 1 I 
R:Tl;R'I 
e:~c 
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SU eR OUT I~- ►• Ft,K ~CT ( T 'IUL (', T ,.u I-' I, T AUQH·, HL C, HH I , H'HH, CLO, CH I ,CO Tl•, 
• ~ACKCC,Ll~~~•.nr,N~l~~.Jl~,X ► J.~~RI\FLI 

C THIS JS fl c,t JP,~i•UT 11\f. TC Slr•:ULATE CATA CF E)'.POl\=I\TIAL SI-CT PL;LS!:S--
C CESICI\.E•J Tei le" A SL:r.r, cLTJNF CF SUPEHOr<. 
C SHnT C:-iBACTERIS11C5: 
C TAUU1 ANO TAUH= lXP[ l1E•'Tltl l:ECA'\' TJ)-IE CF PLLSES II\ LO At,C HI EI\EPGY 
C ::HAtJI\Fl S. 
C HLa A~a HHI= P~SK CCLI\Tl~G 'Alf (CGL:I\TS/SECI ftT ~A~l~LM CF S ► CT. 
C CLO,CHl= COSTA 'H CC'IJ\TI'JC RIITI: Jr, LC td'.0 HI CHAII.NFLS. 
C 8ACKCJ: CCI\STt~T CCU\TII\C R~TE (/SECC~DJ IN CTH~R EI\ERGY C~tl\l\ELS. 
C L ilr<'eOA• SHC T PATE ,src. 
COT= DEL~Y ev ~HIC~ HI El\=~cv SrlCT ~~LLOWS lCW E~ERG'\' SH0T. 
C 1'i!31NS= :~:J"11;.:CR )~ bl"'S 10.1024 SI CF ARTIFICIAL rATA TC GENER.ATE. 
C NLC,NHI(l0C01= ARRAYS FCR ARTl~ICl~LLY GE~ERATEO DATA. 
C KERI\El= ~E~I\El FC 0 ~61\C[~ I\L~~EM CE~EQIITOP. 
C 
C 
C 
C 
C 
C 
C 
C 
C 

tSwll-6) CCNTRrJL ClAC'~f.JSTIC PiUNHll.iTS. 
ISWI l )=l l'IKITE All PAFt~HERS. 
IS.-(2Jsl W'?ITE JSHCT(l-J~AXI 

IS~1(3)=1 lo,RJHHI 
ISWl3)=1 wRITF RLC,FHf,PT(T FfR FIPST 100 SM~LL ell\S 
[SW(41=1 WRIT~ ~LG(Kl,~Hf(KI FCR Fl~ST 100 S~ALL SII\S 
IS~l51al WRITE I\LC,NHlll-~fJI\S) 
S~ALL dl~S ARE J.OlJ24 S = f4*C.JCO16l S. 

~!:AL L A~•H A 
Dl~EhSIC~ XLC( ll,XrII 11,JSHCT ( 2COO 1, I Sw If I 
O\TA IS~/1,1,0,0,1,C/ 
p,. Q.01U24•L~~~DA 
fP=0.21474B4~1D~P 
NT=DT /C.ClOJ4 
XTAUHI=TtUHl/0.01024 
XTAULr.=TAULC/0.01024 
XTAUCaTAl.iCTH/O.O1O24 
ReACK=EACKGC;O.OOOleO 
NSB I I\ S= 10"'•~.:l I NS 

C ~SBINSa ~U~FER 1F O.OlC24 S RINS 
C I\SBINS= NU~fEP CF c.O0O16C ~ e[NS. 

DC l I=l,70CC 
1 JShJTIIl=O 

J:Q 
TAv~X= A~AXl(TAUlr:,TA~HII 
NPREalC•TAU ➔ X/C.OlC24 
IF ([Ci~!ll. ·~r::.OI 

• WRITE lt,1011 TAUlf,TALHl,HLC,H~l,CLC,Crl,E~CKCC,LAMBCt,CT,P, 
• XTA~LC,XTA~H!,REACK,TtLM),~~INS,KERNEL,IP,I\T,I\SBI~S,NFPE 
* ,TAUCTH,ttCH·,CfTH,H4UC 

101 FORM-. T I ' T ~UL:): ' , F 6. 2 , ' T ~UH I = • , F 6. 2 , • H LC= ' , F 7 • 1 , 1 r H I = • , f 7 • 1 , 
1' CLC"=•,F7.l,' Ctil:',F7.1,' f'ACKC~)= 1 ,F7.l/' LA~1POA= 1 ,Ft:.2,' CT=', 
2 "e.4,' P=• ,F!'.4, • )(ftULJ=' ,Ffl.2,' XTAUHl=•,Fe.2,• RFACK=',f8.4, 
3 1 Tt.U~)(a t ,Fe.2/ 1 il;i\Jl\~-s•,14,' KE'Hl~l=',110,• JP= 1 ,ll0, 1 I\T= 1 ,16, 
'• ' I\S"lPliS"', 1,c,,• t.f::>E=',Id/' TAUOTH=•,Fe.2,' t-t;H,=•,F7.l,' CCTH•' 
5 , F 7 • l, ' X T o\ l!C = ' , "f, • 2 I 
Oil] lal,,\?i<E 
KER~EL= NR~~Cl~E~~fll 
IF IKERI\EL.GT.IPI er TC~ 
J=J+l 



JSI-CT(JI:: l-1\PRt 
~ CCI\TIM;E 

DC 2 1=1,,-...SHI\S 
KERI\El=~Pftl\CIKER~~Ll 
IF (KER~EL.~T.IPI GC TC 2 
J=J+l 
JSt-'CTIJl=I 

2 CCI\Tll\l.E 
J'IAX=J 
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C J<:t-[Tll-J l)f.XI= '"'~·LL n lr- •:cs. J F START OF St-CTS. 
C ~0T~ APPRCXIrAT!f ~ TH AT C~L, Cr- E S~CT IS ALLC~EC TC STA RT II\ EACh 
c o.oco160 s PIN. 

J"ll\=l 
IF 11Sl-d21.\l':.OI 

•~RITE (6,1J2l (JSt- CTlll,1=1,Jl"AXI 
102 FCRl'AT ll',l~I 

DO 6 K= 1, ,_;3 I~ S 
11-'AX=lO•K 
Il"Il\=ll"~X-9 
XLOIKl=O. 
XHl(Kl=O. 
DC 6 l=ll"TN,Jl"AX 
RHl=CHIH?5C. 
RLC=CLC It. 250. 
RQTHcP.= crTH/t250. 
I F I I S ~ I 4 l • ' l E • 0 • AN C • I • l E • l 0 L I 

,, ,IPITE 16,1041 K,XLClt<l,XHIIKl 
lC4 FCRMAT (l4,2Ff.OI 

on 1 J =J~I~,J~~x 
IF «I-JSl-'CTIJll.GT.I\PREI GC TC~ 
l F I l • l T • J S>-1 CT I JI l G C TC <; 
!.LU=kLO +HLJ/t:250.•·FX~( IJ~t"DT(Jl-11/XTAl.LOl 
POTHER= RrTl-'fP+ l- □ Tt-/62~n.• EXP((JSHOT(Jl-11/XTAUOI 
IF 11.LT.IJSHTIJl+t;Tll GC TO 7 
FHI= RH+ 1-'Hl/625C, *DPIIJSI-CTIJl '+NT-11/XTAUHII 
GC TQ 7 

P, J"'l,\aJ+l 
7 CCNTil\l.E 
<; CCNHME 

C RLO,RHI ARE AVE~AGE NUl"BER CF CCUNTS iN A O.CC0160 S BIN IN EACH E~ERGY 
~TOT=RLC+~Hl+Pe~cK+R(T .. FR 
IF (I.LE.lCO.AN D.IS~l~).,_LOI 

• WRITE 16,lC:l RLr,f.Hl,FCTHER,RTOT 
lCJ FQR~AT (4Fl0.51 

LP=0.21474A4FlC~EXP(-RTC11 
~P:RLC/RTCT• 0.21474~4F.IO 
I\?= (~LC ♦ PHII/RTOTn J.2l47484El0 

C IF 
C 

IKEisN~L.LE.NPI THEkE AR[ I\C CCLNTS IN THE SP/ALL (C.OC016C Sl 911',. 
CT ► ER~ISE, T ► ERE ARE CI\E ~R P'O~E COUNTS, ONE OF WHICH IS 
i\~AL'l'ZcC. C 

l"ILC=O 
1"H I =O 
1)0 12 '1=1,64 
K~~NEL=I\RAI\C(KE?~fLI 
I~ l~f.RI\EL.LF.LP) GC TC 12 

'K F~ :-.EL=I\ILHHJ I l\~P.I\[ l I 
IF li<.t:RI\EL.ST.~IPI GC TC 12 
IF (KfRI\EL.GT.~Pl GC TC 13 
"'LU='-1LO+ l 
GJ T J 12 

13 "'YI = 'IH I + l 
12 (CNTlll:Ut 

XLC(KJ= XLG(~)+"'LC 
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'1( ~ [ ( K ) = XI i I I K ) • "'H I 
n CC NTlr-.Uf 

IF I I Sr ( 5 l • F C. ,) l " F TU~ t-. 
W~IT: 16,1)51 (lCLDl!l,l=l,,'.1!3It\~I 
WRIT:: 16 ,10 5 1 IXl-!llll,1=1,1\idlr.SI 

1C 5 FCR~AT (24F5.CI 
PETU~N 
Er-..C 
SL~J:_ _ILTl"E CCP4VG IJLC, ~ ► 1,X,-,~A",X~CAW,TITLF,Rlr-.1 
Dl " E'~SICN R(<;7,121, "'- f1F.(lll,VA-:.(lll,TITLEl61,Rlt-12011 
CATA 1,IHCT,IF!Jf-.. CU0,1,0/ 

C MC~E=2= CRC~s-c ~RF f LAT(( N , ~C~ E=l= AUTC/CCRRFLATIC~. 
I,. I+ l 
PATEIII= X._,':Ar-. 
VAPI 11= xr-.J "< t,' 
CO2 J-=l,'H 

2 qlJ,11= RINIJ+52l 
R ETu~N 
E-.nv PLOTUD 
I:<AX=I 
M•JOE.=l 
Ii= (JLC.f\F.J .. 11 M:J CE=~ 
CH) 4 l=l,97 
00 4 K=ll,12 

4 RII, 1<.l=0. 
RATE(lll='.J. 
vaR(lll=C. 
DC 3 I=l, IMAX 
RAT::llll=RAH:1111+ PHE(ll 
VAR(lll= VA~(lll+VAR( II 
CO 3 J=l, t; 7 

3 PIJ,lll: RIJ,lll+ R(J-.tl 
RATE:(lll= RATEllll/1'-'0 
V61<illl= VAq(lll/lt-'AX 
D;Jl4 J=l,<;7 

14 PIJ,111= Q(J,111/I ~ AX 
DO o J=l,CJ;' 
DO 5 I= 1, l~AX 

5 R ( J, 12 l = FI J, 12 l + I A I J, I l-R I J, 11 l I•• 2 
RIJ,121= PIJ,121/111"0-ll 
P(J,L2l= SQUIP(J,l:211 
X=I('IAX 

6 RIJ,121 = ~IJ,121/S CRT(XI 
CDJ:-R= VAR(lll/lVA F. llll-1ATE(llll 
IF l~CCE.GE.21 G,~ TC 7777 

DO 7 J = l , q 7 
DC 1 I<.-= 11, 12 

7 R(J,Kl=PIJ,Kl•C OR R 
7 7 77 CC !H 1 r-.u1:: 

I.RITE lt,l02l . TITLt:,VO(Jll,RATEllll,C'JRR 
JI'!"" 1 
I F ( .. , 0 CE • I,'. E • 2 l J M I •~ -= 5 C 
co 11 (:JI' 1-.;, 9 7 
ITAU•l-4Q 

l l W R I T I: I 6 , 1 0 J I I T A l, , il I I , l 1 I , k I 1 , L 2 l 
lOZ·F GR'HT llX,664,' r~l:~I\J vt~:•,FlZ.5 ,, ~l:AN 'RATE=',Fl2.5,' CORR=•, 

L Fl2.~I 
103 Fn1< :nT (I5,2ql).5) 

IF IIFUI\Ct-'.NE.11 GC TC 4321 
WR. IT E I 7, 3 ,) 1 l ( q I I , .l 1 l , I = J MI r, , 9 7 I , IR I I , 12 ) , ! ., J II It- , 97 I 

301 F')RM.H (lfF5.31 
4 '3 , l IF I I FL CT.~; :::. l l Gr: Tr: l3 

C<\Ll VL.\Ul:L (C.,o.,-o.4,1.,3.5,7,' RHG',3,l,'(F4.2)',41 
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C ft LL V LA e F. L IO • , 0 • , -'i u • , <; IJ • , l O • , I'.), 1 TAU ' , 3 , O, • I F 4. 0 I 1 , 3 I 
l') ·J q I= J ~ 1'11, c; 7 
ITAU= J-4'1 
X=O.l•ITAU •S.O 
X l: X- 0. CS 
Xl=X.,0.05 
Y=l.O• 2.5*~(1 1 11) 
nv=2.5•P< !, 121 
CALL SYSf=LT IX,Y-CY.~I 
CILL SYSPLT (X,Y•rY,~) 
CALL SYSPLT (Xl,Y,;l 
C.\LL SYSPLT (X2,Y,2l 

q CCNTINLE 
CALL SYSE~D 11,11 

A RETURI\ 
EWl 
su □ PJUTJNE MKWFITl~.~.u~AX,X,TAu) 

C Tt-1S 15 A PPGGRS., TC RECUCE PARTIALLY UNBIASED AUTCCORRELAT[CN PER 
C WFISSt<. 'lPF (1Q77) Tl1 CIU'.LLAlt: CH(SC FIT TC PRECICTEC FUt-CTICI\ CF Tll'E ,LAG ■ 

11'.TEGEII U,U~AX 
R~AL R(4Sl,RfR~l481,PAE((4A) 
DATA XO,DX,1~~,,RERR/O.C2,~.cc'i,C,4A*O.l/ 
REAL Ct-1131 
l:ND.,O 
X::JIQ-CX 
cc~ 1=1,3 

8 CHilll=l0C00. 
l X•X+OX 
5 Or. 2 iJcal 1 lJJ,IAX 

CALL F(L,~,X,PR~DCTI 
PREC (U ):PJsEOCT 

2 IF lu.NE.ll P~ECIU)= P~cCIU)/PRECll) 
PREf)( ll=l• 
SU.,l=O. 
SU1112•0. 
SU'BcO. 
CC 3 U= 1,'JI-IAX 
SUMl=SuMl+ RIUl**2/RF.IIRIUl••2 
SU~l=SUM2~ RIUl*PR~CILI/RERklUl••2 

3 SU,..3=SUlll3+ PPEO(ul••2/P.ERRIUl••2 
AL PrlA= SI.I' 2/ SL~3 
CHISQ=SUMl-ALPHft•Sl.J,12 
IF I lwRT.=Q.l.OR.IE~C.[C.l) 

*WRITE ll,?J41 X,CHISC,ALF~A 
204 FO~~~T 13~1J.41 

IF IIE~c.ro.11 cc TC 6 
CHl(ll=CI-IIl21 
CHl(2)=Ct-Il31 
Ctitl31=Ct-lSC 
(F ICH!2l.GE.CH1DI> GC TC l 
X-=X-OX 
l = - I CH I D I -ct-< I 111 I /1. I I C 1- I I 11 + C H I 1,3 , _ 2 * C 1- l I 2 l I 
X-=X+ ,J X,.l 
Ti\U= 0.1024/JI 

• IH0=l 
GO El 5 

6 If· llwRT.r, E.l.~R.J.~i:.11 Gu TO 7 
no 4 U=l,UMAX 
P~ECIUI= PRECIUl•ALPI-A 
C" (~!UI-PRFC(Lll••2/~ER~(Ul••2 

4 W~IT~ lc,10~) J.P(U),kE~RIUl,PA:CIUl,C 
lC5 l'CR".\l (l~,4Flu.4l 

7 PE'TURN 



F~C 
SU~RJLTl~F FIL,N,X,PQEC) 
INTE:GEFl t.; 
EEX=EXF 1-X I 
G=l.-EE)t 
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TEFl~3= (U-( l.-E::X•"'UI/Gl/1\/11\-Ul 
TER~2= -(l.+II\-Ul/(\-ll/1\l•ll.-l./N/Gl/lN-Ul 
TER~l= ~fX••IL-ll*G/2. 
PREO=I TEP~l+TE~~2+TF~~;l•(~-Ll/N 
R':TU!<~ 
!:NO 




