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LOW-ENERGY GAMMA RAYS IN THE ATMOSPHERE

Jerome S. Puskin

CHAPTER 1
INTRODUCTION

With the advent of high-altitude balloons, rockets
and satellites, it has been possible to extend astronomical
observations into regions of the electromagnetic spectrum
for which the Earth's atmosphere is opaque. Besides sup-
plementary infrared, ultraviolet and radio work, these ad-
vances have gfven rise to the fields of x-ray and gamma ray
astronomy. We shall focus, primarily,on the low energy
gamma ray region (3-10 Mev).

Before turning to the major concern of this thesis,

the atmospheric background flux that makes measurements in

this region‘very difficult, let us review briefly the interest
in such investigations. Gamma rays are believed to be created
throughout the Universe by the interaction of high energy
particles with ambient radiation, matter and fields, accord-
ing to the same physical laws everywhere. Because these

quanta travel in straight lines and are highly penetrating,

determination of their arrival directions, energy spectrum,

and intensity can provide important information on particle

fluxes, energy and matter densities, the strength of magnetic
fields, and nuclear processes present in objects of astro-
physical interest and in galactic and metagalactic space.

This work was supported in part by Contract ¥ 19628-68-C- 0297
from the United S'tates Air Force
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The chief production mechanisms of low energy gamma

rays are:

(a) Electron bremstrahlung: the inelastic scattering
of electrons from the coulomb field surrounding a
nucleus or another electron.

(b) Synchrotron radiation (magnetic bremstrahlung),
the emission of radiation by a relativistic elec-
tron in the presence of a magnetic field component
perpendicular to the particle momentum - the power
radiated is inversely proportional to the fourth
power of the mass while the typical frequency of
emission is inversely proportional to the cube of
the mass, for fixed momentum; therefore, gamma
ray synchrotron emission by protons and heavier
particles is entirely negligible.

(¢) Inverse Compton scattering, the scattering of
electrons from photons with energy transfer from
the former to the latter.

(d) Positron annihilation.

_ﬁe) Nuc]ear de-excitation.
(f) no-decay,
These processes can only occur as the result of elec-
tron acceleration or as a consequence of secondary particle
production in high energy strong interactions. This immediately

suggests that we can learn.something about the origin and
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traversal of cosmic rays in the Galaxy and the metagalaxy.
The power of gamma ray astronomy here is that the gamma rays
trave]‘in straight lines while the cosmic rays themselves
are deflected by Galactic magnetic fields and arrive at the
Earth practically isotropic (except for the East-West asymmetry
caused by the terrestrial field). There exist many reviews
discussing the utilization of gamma ray measurements, in con-
junction with cosmic ray and radio data, to determine the
density and composition of matter, the time history of high
energy particles, the photon energy density and spectrum in
the Galaxy and in intergalactic space (Gould and Burbidge
1965, Ginzburg and Syrovatskii 1964 a,b; Fazio 1967; Greisen
1968).

Observation on the diffuse flux in the 60 kev to one
Mev energy range have been made on two flights of Ranger moon
probes (Arnold, et al. 1962; Metzger at al. 1964). The in-
tensity they detected (See Chapter V) is too high to be ac-
counted for by the processes listed above operating in the
present observable Universe. Consequently, it appears that
these photons were produced in the distant past and are of
great cosmological significance, (Greisen 1968). Detailed
directional studies are necessary to separate out the Galactic
component of the radiation.

Although the acceleration mechanism is not well under-

stood, supernova (SN) explosions appear to be the predominant
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energy source for the acceleration of high energy particles
(Ginzburg and Syrovatskii 1964a). Photons with energy up to
560 kev, apparently of synchrotron origin, have been discovered
to be arriving from Crab Nebula, a SN remnant (Haymes, et al.
1968). This requires the continual acceleration of electrons
to 2x1014 ev.

SN explosions are also believed to be of central im-
portance in the synthesis of the elements. These stars reach
the silicon burning stage, at least; and following the ex-
plosion, the nuclear debris is blown out into interstellar
space where it can condense into new stars (Burbidge, Bur-
bidge, Fowler and Hoyle, 1957).

Further study of the X-ray and gamma ray continuum
radiation will shed light on the acceleration mechanisms.
This research is particularly interesting since the discovery
of the pulsar in the Crab. 1In fact, the X-ray intensity
pulsates at the same frequency as the radio and optical ra-
diation (Fritz et al. 1969; Bradt et al. 1969; Fishman et al.
1969). Detection of nuclear line radiation emitted from a SN
would aid in the understanding of the nuclei acceleration
mechanisms, the dynamics of the explosion and nucleosynthesis.
Predictions of nuclear de-excitation line intensities have
been made from various SN models (Savedoff, 1959; Clayton and

Craddock, 1965; Clayton, Colgate, and Fishman, 1969).
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Recently, it has been suggested that a smeared out quasi-
continuum of such.radiation may exist from the superposition
of many rédshifted metagalactic sources (Clayton and Silk,
1969), Confirmation would make possible an analysis of the
history of element synthesis in the Universe.

Sartori and Morrison (1967) have argued from very
general considerations that synchrotron radio sources such
as Q.5.0.'s. radio galaxies and SN remnants are potential
x-ray and gamma ray emitters. The crux of the argument 1is
that any acceleration mechanism, e.g., a shock wave, must
be inefficient to some degree and energy will be transferred
to the ambient gas. If this energy is not radiated fast
enough, the gaseous medium will heat up as long as thg ac-
celeration process continues. Sartori and Morrison show
that it is quite reasonable to expect heating up to the point
where kT is thousands or even millions of electron volts.

During solar flare activity, the Sun emits energetic
particles. The acéeleration mechanisms may be qualitatively
much like those for cosmic rays. If this turns out to be
the case, the Sun's proximity may allow observations that
will facilitate the solution of the problem of cosmic ray
origin; this; despite the fact that objects 1like the Sun con-

tribute very little to the Galactic proton flux and only then
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at rather low energies (E < 1Bev). Gamma rays are generated
in a flare by bremstrahlung; by positron annihilation - the
positrons, in this case, are produced chiefly by nuclear
proton decay; and by nuclear de-excitation (Dolan and Fazio
1965, Kuzhevskii 1969).
While the first of these results from the acceleration
of electrons, the latter two imply proton acceleration. A
time profile of the gamma ray spectrum before, during and
after a flare would elucidate the acceleration process. In-
teresting questions to be answered are:
1. Are the particles accelerated prior to or following
the optical flare?
2. Are separate mechanisms operative for electron and
heavy particle acceleration?
3. Where are the particles accelerated and stored?
4, Are flares really different in kind, or only in
intensity?
Finally, it has been hypothesized that element trans-
mutgtion in .flares of the early protosun significantly modi-
fied the chemical composition of the solar system (Fowler,

Greenstein and Hoyle 1962). In order to test this theory,

.more has to be known about the nuclear reactions occurring

in f]ares, The gamma ray line spectrum from a flare would

be particularly helpful.
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In spite of the plethora of interesting potential
sources to look at, there is a scarcity of positive results.
The difficulties are the relatively low number of photons
arriving from these sources and the high intensity of back-
ground radiation produced in the atmosphere and the surround-
ing material. In the low energy gamma ray region, especially
above 1 Mev, it is very hard to build an effective shield
against penetrating background. The problem is accentuated
by the need to 1imit the weight of balloon or satellite pay-
loads. In order to design an optimum low energy gamma ray
instrument for balloon borne observations, it is necessary
to know the intensity, energy spectrum, and angular distri-
bution of the background gamma radiation in the atmosphere.
It is hoped that the following will be a step forward in

that endeavor.
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CHAPTER 11
THE LOW ENERGY GAMMA RAY FLUX AT BALLOON ALTITUDE

Incident cosmic rays interact with atmospheric atoms
to generate a large number of secondary particles; these
secondaries, along with re-entrant albedo electrons (pri-
mary electrons are negligible in comparison), produce gamma
rays by the mechanisms listed in the introduction. These
gamma rays subsequently move through the atmosphere, often
degraded and deflected by scattering from atomic electrons,
before escaping or being absorbed, In this chapter we shall
calculate the low energy gamma ray flux at balloon altitude
and medium Tatitude, which we take to be 3.5 g/cm2 residual
pressure and 41°, respectively.

* *
The gamma ray spectrum at altitude p , energy E ,

. . *
direction @ , can be represented by:

* x * %
J(E",p ,9*)=,fS(E,p.9)G(E P 52 ;E,p,0)dEdpda (1)

where S(E,p,Q) is the source function for the number of pho-

- -1 - -1 -1
tons (cm 2sec Mev 1sr mb ) of energy E and direction @
*

produced at depth p, and G (E*, p*,n ; E,p,2) is the proba-
bility that a photon produced with energy E at depth p with
direction will arrive at p* with energy E* and direction n*.
G is, of course, independent of S; consequently we can sepa-

rate the problem into three parts:
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(a) Determination of G the transmission function.

(b) Determination of S the source function.

(c) Substitution of (a) and (b) into (1) in order
to calculate j.

(A) Gamma Ray Transmission in the Atmosphere

A gamma ray, in traversing the atmosphere, can inter-

act with the gas atoms through:

(a) Compton scattering - the gamma ray can scatter
elastically from an atomic electron and emerge
with reduced energy and altered direction.

(b) Pair production - the gamma ray can materialize
into an electron-positron pair in the presence
of a Coulomb field about a nucleus or electron.

(c) Photoelectric absorption - a gamma ray can be
totally absorbed by an atom with an electron being
ejected.

For our purposes, i.e., photon energies in excess of

300 kev, we can neglect photo-electric absorption in the at-
mosphere, Some representative cross-sections for Compton
scattering and pair production are displayed in Table 1 and
2, respectively. These cross-sections are easily converted
to fhe more convenient unit, cmz/g; then absorption lengths
can be expressed in g/cmz, the same unit we use for depth.

In order to trace the history of simulated gamma rays

through the atmosphere, we have developed a Monte Carlo
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Table 1

Compton Cross-Sections
(Bethe and Ashkin 1953)

E /m c2 ’;gompton
Y e (10 cmz/ electron)
50 3.744
1.0 2.866
2.0 2,090
3.0 1.696
4.0 1.446
6.0 1.136
8.0 . 9465
10.0 .8168
70.0 .1911
200.0 .08118
Table 2
Pair Cross-Sections
(Davisson 1965)
E Oxygen Nitrogen
Mev Barns/atom Barns/atom
2 .0086 .011
4 .041 .055
8 - .092 119
50 .260 .333
100 .319 .408

10
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program, ATMSCAT. ATMSCAT takes a photon initialized with
energy E, zenith angle o, at depth Pi, and seguentially (2)
allows the photon to interact at Pf where (see appendix)

- (P - Py) og/cos a
y = e |

(2a)
or,

PFf=Pi + (log y) cosa/o, (2b)
whére Y is a random number selected uniformly between 0 and
1,0, =°paif +9Compton in cmz/g ( Note: cos acan be positive
or negative, so Pf can be either greater than or less than
Pi).

(b) checks to see if the photon has crossed fhe chosen
balloon altitude (3.5 g/cmz). If so, the event is
scaled in the appropriate energy-angle bin.

(c) chooses the interaction at Pf to be either pair
production or Compton scattering according to a
random selection weighted by the respective cross-
sect%ons. If again, v is a random number from a
uniform distribution in the interval (0,1) and if

y>_% Compton (3)

[¢]
T .
then the interaction is chosen to be pair produc-

tion and the photon is considered lost. A photon
that arises from bremstrahlung or annihilation of a
pair produced lepton is already included under its
proper source function. If, on the other hand, the

opposite inequality holds, the interaction is taken

11
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to be Compton scattering and subroutine finds o , the angle
of scattering, by the Monte Carlo procedure weighted by the

Klein-Nishina differential cross-section

2 ' >
do =I‘£ (_E')Z E+ E -sin ejl

!
where E is the incident energy, E is the scattered photon

energy and r_ is the classical electron radius. E ~can be

0
eliminated from (4) by

E = E

1 + (1-cos®)E/mcé , (5)

The value for © obtained in this way is easily combined with
a randomly chosen ézimutha] angle about the incident direction
and the orijina] zenith angle to yield the new zenith angle.
The new energy is determined from (5).
(d) goes back to step (a), continuing to follow the
photon until it is lost to space, earth, pair pro-
duction, or energy degradation below 300 kev.

(B) Gamma Ray Production in the Atmosphere

We can break up S, the source function, into a sum

over the independent processes for gamma ray production:

) N -
S(p,E,Q) = ;'1 Si(p,E, Q) * (6)
‘I:
Not only will this simplify the calculation, but will provide
insight into the relative contributions by the various pro-

cesses.

12
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1. Synchrotron Radiation

Relativistic electrons moving in a magnetic field
emit photons about a characteristic frequency %54.6x10'6BLE2,
where B, is the component of the magnetic field perpendicular
to the electron velocity and E is the electron energy in ev
(Ginzburg and Syrovatskii 1964a). At 400 kev quantum energy
( v=1019 sec.-l), and B> 1 gauss, Exz 1.5 «x 1012ev. Elec-

trons above this energy constitute a negligible fraction of

the electron flux so this is not a significant source.

2. Inverse Compton Scattering
The average energy transferred to a photon in a col-

lision with a high energy electron is

EE = k(ig) 2 (7)
mc

where the energies of the incident electron and photon are
E and k, respectively. The quanta emitted by the Sun are
1.4 ev, on the average, so that 1 Bev electrons can, in
theory, scatter from these photons with the scattered quanta
falling in the low energy gamma ray region. However, as
pointed out by Dolan and Fazio (1965), an electron starting
out from the Sun has about a 10% probability of Compton
scattering before reaching the Earth. It is not hard to see,
since the probability of scattering is proportional to photon
density, that few cosmic ray electrons will scatter during

their journey through the solar system. The generation of

13
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gamma rays by inverse Compton scattering in the Earth's at-
mosphere is miniscule and entirely negligible compared to

the production of bremstrahlung gamma rays by these same

"electrons.

3. Electron Bremstrahlung

Brini et al. (1967) estimated thé X-ray production in
the atmosphere at A =45° from electron bremstrahlung in con-
junction with Compton scattering. They were mainly interested
in the 40 kev to 200 kev portion of the spectrum. We shall
adopt a similar approach in this section to the low energy
gamma ray region, but with more precision in the representa-
tion of the electron spectrum, more accurate approximation to
the bremstrahlung cross-section, and with the advantage of
the Monte Carlo path-tracing routine.

"In order to completely specify the source function for

~bremstrahlung, we need to know the entire energy spectrum,

angular distribution, and intensity of electrons as a function
of depth in the atmosphere. Further, it is necessary to have
the differential cross-section in air for bremstrahlung
do/dndEY~as a function of electron energy. ’

3a. The Electron Flux

Only the vertical and omnidirectional electron inten-
sities have been measured in any detail. The angular dis-
tribution of electrons, as a function of atmospheric pressure

is unknown. Let us temporarily make the assumption that

14

© Smithsonian Astrophysical Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1970SAOSR.318.....P

DSAGBR_31B. 2.2 P

rt

the bremstrahlung gamma rays are produced isotropically over
each hemisphere, separately, and in proportion to the
respective vertical electron intensity.

The vertical electron flux (upward and downward
moving, separately) has been measured by Verma (1967) from
10 Mev to 1100 Mev as a function of depth in the atmosphere.

The balloon flights were carried out at Palestine, Texas:

A =41°, 4.9 Bv geomagnetic cut-off. The data is summarized

by Figures 1 and 2. An analytical approximation to those

curves 1is
i (p) = 4.1 x 10 2cm %sec tsr 0<p <10mb (8a)
down
. -3 .83 -2 -1 -1
i (p) = 6 x 10 3p cm sec sr  10<p<100mb (8b)
down

-2 .01 -2 -1 -1 .

i (p) =7 x 10 e pcm sec sr  O<p<60mb (8¢c)
up

We can estimate the upward electron flux at greéter
depth. There is a peaking of energetic particle intensities
at about 100 g/cm2 (Pfotzer maximum): see, for example, Fig.
3. A reasonable choice is to extrapolate (8c) to p = 80mb
and at p280mb to set

4 (p) = i (80) 80<p<l20mb (8d)
up up

2

We shall neglect gamma ray production by upward moving elec-
trons for p >120 g/cmz. It was discovered in preliminary

Monte Carlo runs that gamma rays produced upward at p>120mb

15
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or downward at P>30 mb make less than a 3% contribution to
the low energy gamma ray flux at p = 3.5 mb. Moreover, it
was found that the calculated flux at 3.5mb was insensitive
to the precise choice for extrapolation when p>60 mb,.

These results are not surprising if one notes that the inter-
action length for gamma rays in air is never more than about
50 g/cmz, and is typically 10-35 g/cm2 in the low energy re-
gion.

Verma also measured the differential electron energy
spectrum at p =4 g/cmz. The splash upward albedo obeyed a
power Tlaw

j(E)~E ™ 10<E < 1100 Mev

(9a)
while the downward flux at the top of the atmosphere was best

described by

i (). "1-44 20<E < 1250 Mev | (9b)
Because of the cut-off below 4.9BV, these electrons too must
have their origin in the atmosphere. They were splash albedo
particles that were trapped by the Earth's magnetic field,
reenteriﬁg the atmosphere, perhaps many thousands of miles
from their origin. Hence, the name reentrant albedo.

From the near equality of the slopes in the 10-100 Mev
and the 100-1100 Mev curves (Fig. 1) for upward moving elec-

trons, one is led to assume that (9a) is a good approximation

17
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for the depth range of interest. In the absence of definitive
measurements, we shall assume this to be the case. The bulk
of downward produced bremstrahlung crossing p = 3.5mb is
radiated in the top 10 grams of material. Consequently, no
serious error is likely in adopting (9b) for all downward
moving electrons.

The spectrum falls off more steeply above 1 Bev; the
exponent in the power law is about 3, up to cut off. Primary
electrons, in.contrast to protons, are much less intense than
the albedo. The probability of an electron of energy E
radiating a photon of energy EY in ‘the small interval Agy,
(Ef:<Ee) is not strongly dependént on Ee. The conclusion is
that electrons with energies above 4.5 Bev contribute a
negligible fraction of the low energy gamma ray bremstrahlung.

At low energies the electron spectrum flattens. In the
3.3 - 4.5 Mev region at middle latitude (A= 31-51°), the
secondary electrons obey a power law with exponent between 1
and 1.2 (Charakhch'ian and Charakhch'ian 1959).

From the 1limited data available, we shall make the

electron flux:
' -1.05

S(E) TETH E < 35 Mev | (10a)
for both upward and downward moving e1ectron§,
3plE) " E -1.3 350 F  <1000-Mev (10b)
-1.44
j ~ 35< E 1000 M 10c¢
Jdown(E) E < < ev (10c¢)
18
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and for both upwérd and downward moving electrons,
j(E)~E"3 1 <E < 4.5 Bev (10d)
The true electron energy spectrum will vary in shagpe
to some extent with depth. However, the variation is not
expected to be large for the cases of greatest interest: up-
ward moving electrons in the top 60 or so grams of atmosphere,
and downward moving electrons in the top 10 grams. The normi-
lization of the electron flux is temporarily taken to be such
that:
1. The expressions (10a-d) above are matched at the
boundaries of definition.
2. The total flux between 10 Mev and 1100 Mev agrees
with equations (8a-d) as a function of p. Below
we shall be forced to revise this normalization.
Brini et al. (1967) have investigated the omnidirectional
electron intensity above 1 Mev as a function of altitude. The
fluxes,as displayed in Figure 3, should all be reduced by a
factor of two, because Brini, et al. took the particle flux
to be entirely downward and consequently, divided the number
of counts per square centimeter per second by Zﬁ rather than
By 41  steradians to obtain the directional intensity
(private communicat{on). )
If the electron flux were isotropic over each hemisphere,

one would expect, because of the low energy threshold, a lar-

ger intensity per solid angle to be recorded on Brini's

19
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Figure 3, Electron intensity
in the atmosphere (e), total
charged particle flux (t),
hard component (h), (Brini
et al. 1967).
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flight than on Verma's.

and 2 with Figure 3 indicates the opposite.

However, a comparison of Figures 1

Either the elec-

trons are very anisotropic or there is an error in normaliza-

tion in one or the other of the measurements.
Multiplication of Verma's intensities by a factor of

a % .4 bring the two measurements into close agreement.

(1969) has

Recently,Israel published evidence that Verma's

results do indeed need correction by about this amount. Let-
ting a= .4,we shall modify equations (8a-d) to obtain a better

estimate of the omindirectional electron flux over each hemi-

sphere. The expressions will now read: ‘
i (p) = 5.6 x 1073 em~2 sec! sr-! (0<p<10mb) (11la)
down
i (p) = 2.4 x 10'3 p'83 cm Zsec™! sp!
down_ (0<p<100 mb) (11b)
i (p) = 2.8 x 10'3 e -01p cm'zsec_1 sp-1 (0<p<80mb){11c)
up
‘ .80 - - -
i (p) = 2.8 x 10-3 e 8 cm 2 sec™! spl
up (80<p<120 mb) (11d)

In order to gain a better approximation to the electron
flux, one must wait for a resolution of the conflicting claims
_and more detailed measurements of the variation of the electron
intensity and energy spectrum wi}h'depth and zenith angle. In
the absence of such data, we shai] take the gamma ray~production
in each hemisphere to be isotropic to first approximation.

’we‘sha]] later make a correction for the enrichment of the

21
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downward electron intensity near 90° zenith angle). In
any case, the intensity and energy spectrum of the computed
atmospheric gamma ray background is far more sensitive to
changes in the electron intensity and energy spectrum than to
the form of the electron angular distribution. The normali-
zation (equation lla-d) and energy spectrum (10a-d) which we
have postulated from a consideration of several éxperiments
will be supported in a later chapter by an independent check
a comparison of our computed atmospheric background with ob-
servations made by Peterson and Schwartz (Figure 16).

3b The Radiated Gamma Ray Spectrum

From the assumed electron spectrum one can obtain the
radiated gamma ray spectrum. If we take the electron flux
to be 1sotrppic over each hemisphere and the bremstrahlung to
be forward, the rate of production of gamma rays in a small
volume element of atmosphere with cross sectional area %A
and thickness Ap, into a éma]] energy interval AE1., and into
a small element of solid angle ARis given by

dny (E, .p) jﬁ Ee»P) @(Ee,E )dE, 2 E apahag (12)

where Je(Ee,p) is the upward (or downward) d1fferentia1 elec-

‘tron flux at depth p, as determined by equations (8a,b),

(11a,b), (iOa"d)' —¢(Ee ,E ) is the differential cross-section
for the product1on of a gamma ray of energy EY from an electron

of energy E in cm /gram of air.
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Since the postulated electron energy dependence does
not vary with altitude, neither will that of the bremstrahlung
production. I.e., the pressure dependence in the right hand
side of (12) can be factored out. The cross-sections @(Ee,E )

Y

were calculated by Bethe and Heitler (1934). If E, is the

0
total energy of the incident electron and EY is the radiated
photon's energy, the scattered electron energy will be

E = E0 - E . Now let us define
Y

v = E/EO,
100mc2E
Y =
5173
EoEZ /
2
= 87(7 +1)/ €%
137\ 3
mc

For air,y :26.4E/EOE and k =1.4 x 10°2% cm2; then we have

° (E ,E )dE, =k dEy7EYEj+ vZ -2v/3) (13a)

10g(2E E/E mc?)-%-c(v]] v>2
where c(y), as calculated by Bethe and Heitler, decreases

monotonically from .21 at y= 2.0; it is usually neglected for

y>15., For small y,

dE_ ¢ ¢ |
®(Eq,E ) dE, = k—1x i(1+v2)E+%LJ)-1/3 1092] -2/3v

Evp - (13b)
[%%1171/3 Tog ZJ} y<2

which reduces to

o dE

K Y 2 -1/3

o(E .E )AE_ =k — {1+ v® - 2v/3)109 183277 4y
Y

(13¢c)
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fory: 0. ¢i (¥), ¢,(¥) are correction terms calculated by
Bethe and Heitler: both lie between 16 and 21 for all values
of y. These bremstrahlung cross-sections of electrons off
the field of the nucleus (we have included the atomic elec-
trons by a simple redefinition of k: the substitution of a
factor (Z + 1) for Z) were derived under the assumption that

E >>mc2.

0
At the gnergies below about E0 = 3 Mev, one would expect
that that assumption would begin breaking down. The brem-
strahlung from electrons in the 1 Mev to 3 Mev range constitute
a small but significant fraction of the Tow energy gamma rays.

Although no ana]ytﬁc expressions for the cross-section in this

‘region exist, we can estimate this contribution by the extrapo-

lation of equations (13). If we include the lower energy
electrons in this_way, we find that the production of bremstra-
hlung photons of energy 390 kev increases by 20%. The con-
tribution ét higher photon energies is correspondingly less

and is zero, of course, for EY greather than 3 Mev, Because

the correct extrapolation is expected to have the rough loga-

rithmic energy dependence of (13a), it is estimated that the

extrapolation of equations (13) to Ej =1 Mev will introduce no
errors greater than 10% in the calculated bremstrahlung pro-
duction spectrum (See, e.g., the discussion in Evans,1955),
Because of the energy degradation of the gamma rays by Compton

scatterihg in the atmosphere, the error in the predictéd flux
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at balloon altitude will be only about half as great.

The shape of the bremstrahlung production spectrum, as
calculated from (10), (12) and (13), for upward moving
bremstrahlung is shown in Figure 4. The shape of the down-
ward spectrum is nearly the same. The normalization is fixed
by the same equations along with (8a,b) and (11). The rate
of photon production in the energy region .3<Ey<100 Mev in a
column of atmosphere 1 cm2 in area is

I = 7.3-y-rays/cm2 sec 0<p<120 mb (14a)
up

1 = 6.7 y,rays/cm2 sec 0<p<100 mb (14b)
down '

3c. The Bremstrahlung Flux at Balloon Altitude

In the preceding section, a simplified model of the
bremstrahlung source function was developed. It is now
possible to simulate the production of photons weighted by
this source function, trace their paths according to the Monte
Carlo program ATMSCAT of ﬁart A, and thereby obtain the low
energy gamma ray flux due to bremstrahlung at 3.5 mb.

For the case of upward moving electrons, each photon

was chosen randomly, but weighted according to; the energy

‘distribution of Figure 4, the depth distribution of (1llc,d),

an isotropic angular distribution over the upper hemisphere.
The photons generated in this way were followed by ATMSCAT.
The analogous procedure was employed for downward moving

electrons.
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Figure 4. Production spectrum of
upward bremstrahlung. Differential

energy intensity (arbitrary units)
VS. gamma ray energy.
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If an "event" is defined by a simulated gamma ray
crossing 3.5 mb with energy between 300 kev and 10 Mev (at
the time of crossing), then over 30,000 events were obtained

for upward and downward moving electrons, respectively. The

- events were stored in 100 kev x 150 energy-angle bins.

Let bi (E) be the number of events contained in the ith

angular bin and in some fixed energy intervald E, which may
contain more than one 100 kev energy bin. Let N be the total
number of gamma rays simulated, 2aQ 5 be the solid angle sub-
tended by the ilﬂ bin,with @il and %o the respective lower
and upper bounds to the zenith angle for that bin. Then with

the overall normalization I0 fixed by (14a, b), we can write

o -1
i ‘] -2 . -
dl_/d@, =1 by (2E) S de, coso (cm 25 lsr 1) (15)
Y j o—| j
N a,
11 !

where dﬂi is an infinitessimal element of solid angle contained
in the finite sized bin Mzi, the cos o factor in the integral

is necessary to adjust for the orientation of the flat surface

'at 3.5 mb with respect to the incident photon direction.

The denominator of (15)is easily found to be

sin2 o - sin2 o

dQ . cosa = 2T1f il .12
1 2 (16)

AQ,
j
Letting AE range over the entire .3 Mev to 10 Mev band, the
angular distribution of low energy gamma rays of bremstrahlung
origin can be obtained from (15) and (16). The calculated

fluxes are displayed in Figure 5.
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The overall features of the Figure 5 can be qualitatively
understood by noting that in the approximation of no deflection
by scattering, the photon intensity in a particular direction
is roughly proportional to the product of electron intensity
(in that direction) times the amount of atmosphere, integrated
out to some average critical absorption length. Because the
upward electron intensity increases with depth, there is a
slight peaking toﬁérds the vertical in the calculated upward
gamma réy flux: the average upward electron directional flux
over an interaction ]ength is maximum at the vertical. 1If
the electron upward flux is itse]f.peaked towards the vertical,
the peaking in the upward bremstrahlung would be enhanced.

Even if the downward moving electrons vere completely
isotropic over the hemisphere, the downward photon flux near
the top of the atmosphere would still be skewed towards 900.
This is the standard "sec & effect", following from the aug-
mented path length that electrons at large angles have in which
to radiate. However, the electrons themselves may be aniso-
tropic. If one assumes that the downward electron flux satis-
fies
3 (paa) = § (p/cos,0)
near the top of the atmosphere, éhen the depth dependence
for the vertical flux, as indicated by Figure 2, can be used

to arrive at the angular distribution of electrons.
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Aboye 3.5 mb altjtude, the electron distribution will
be rather flat between 0° and 750, but will increase cdnsider—
ably between 75% and 90°. ~This adds an extra contribution to
the gamma ray flux near 90° - the size of the correction is
indicated by the shaded area in Figure 5. The illustrated
shading is an average over the solid angle bin. The correction
necessary in any small solid angle bite d (cosa ) is roughly
proportional to the excess electron flux in that infinitessimal
interval integrated over one gamma ray absorption length, which
we take to be lyz 209/cm2,from 3.5 mb towards the top of the
atmosphere in the direction. From this we find that the maxi-
mum correction is required at a=’89°, corresponding to a path-
length of:lSOg/cm2 from the top of the atmosphere to the
detector - the correction there is about six times the average
(in the bin). At larger angles still, there is a cut-off in
electron intensity and a resu]ting decrease in computed photon

flux.

The omnidirectional intensity over a hemisphere is ob-

tained from (15) by |

-d1
_y Y A 17
IY‘ZdQ. - ()

] i
j
where the summation is over each of the six bins in the

hemisphere. Noting that,
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. i 18)
09 2 chos @y - cos uizt (18)
and then combining equations (15) - (18)
b, (4) -
I 2le E 1 cm™? sec 71
Y N : | cosayq + cosaizl (19)

Intensity versus energy curves are plotted in Figure 6
for upward and downward moving photons. It should be noted
that,because of deflection through Compton scattering, the
upward (downward) bremstrahlung flux is not entirely due to
upward (downward)moving electrons. The efror bars in Figure
6 correspond to one standard deviation resulting from statis- -
tical fluctuations in the bi(AE)'

4, Positron Annihilatiot

Because about 85% of all atmospheric positrons annihilate
from rest (Lowder 1969), the source function for annihilation

radiation is approximately a delta-function of energy. and

~isotropic over 41 steradians:

S(E, g,p)= S{P) 5 (E -.511 Mev) (20)
where s(p) is aAidzction of depth only. Rocchia (1966) has
investigated the depth dependence of s(p) and found it to
vary as

gp/170

s(p) ~ -.75e7P/75 (21)

with p expressed in mb. Since we are interested in the flux

at 3.5 g/cm2 residual pressure and the interaction length for
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a .511 Mev photon is only about 11.5 g/cmz, the source fun-
ction is nearly constant over the altitude range of interest.
This, along with the isotropy of production, implies that the
upward flux of .511 Mev photons near the top of the atmosphere
is very neér]y isotropic.

Employing the source function of (20) and (21) in the
Monte Carlo program and normalizing the results to the measured
annihilation line strength at balloon altitude (Chupp,etal.
1969):

IY(.511 Mev):> .2 cm ™2 sec'l, (22)
we are able to estimate the up-down asymmetry:

IYup(.511 Mev) .14 em™? sec™! (23a)

I (.511 Mev) .06 cm 2 sec”! (23b)

Ydown

and the coniribution of scattered annihilation radiation to
the continuum flux at 3.5 mb (Figure 7). A comparison of
Figure 7 with Figure 6 indicates that this radiation consti-
tutes a significant part of the background intensity below
.5 Mev. |

5. Nuclear DeQexcitation

The dominant set of reactions for producing nuclear
line radiation in the a%mosphere is fast neutron (En3 1 Mev)

inelastic scattering:

n + N14 ——>N14 +n+ vy (24a)

16 16

n+0  —>0 + n + v (24b)
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The incident neutron interacts with an air nucleus, a neutron
(above ED~ 10 Mev, there may be two or more neutrons) reemerges,
leaving the target nucleus in an excited state. One or more
photons are then emitted as the nucleus returns to the ground
state. For a general discussion of these processes, see
(Guernsey and Lind 1961).

No detailed measurements of the angular distribution
of gamma rays with respect to the incident neutron direction
are in existenﬁe for either Nitrogen or Oxygen targets. How-
ever, if the interference between states during scattering is
small, a simple quantum mechanical argument shows that the
differential cross-section is symmetric about 90°. For Tight
nuclei the levels are widely spaced and the assumption quoted
above should be good. From this symmetry and the overall dif-
fuseness of neutrons in the atmosphere, it is reasonable to
take the gamma ray source function for nuclear de-excitation
to be isotropic. If the énergy dependence of the neutron
flux is taken to be constant over the altitude range of in-
terest, one can write the source function as a summation over

the possible lines

S(E,2,p) a (25)

J
J
in analogy with equat1o 20) .

At depth p the intensity of the jth line is given by
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IY(Ej) = —E-jhp ji _du Y J

e JeE 0 (B ap)o (ELE))
with (26)
e = the mole fraction of the target nucleus,
.78 for N**, .21 for 016,
Oy(Ej)= the total cross-section (in cmz/gram) for

a photon of energy Ejin air.
Jn(En,p)= the differential neutron energy flux as a
function of energy and depth.
o (E ’Ej)= the cross-section (in cmz/gram) for a neutron
of energy En to inelastically scatter in a
medium of pure target atoms with the pro-
duction of a photon of energy Ej'
The neutron flux in the energy range (1 Mev<E <14 Mev)
was investigated by Haymes (1964). At » = 41.5°, it was
found to vary as

-1.3 -2 -1 -1
Jn ~ f(p) E, cm sec  Mev

where f(p) is a function of altitude only. The normalization
of the neutron flux as a function of depth can be estimated
from the meésurements o} Haymes (Figure 8). The primary
difficulty in evaluating the integral expreséion (26) is the

scarcity of information on neutron inelastic cross-sections.
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From the limited data on inelastic scattering of
neutrons, it appears that the 6.13 Mev O16 line should stand
out the strongest. Fortunately, the data for this process
is less sparse than for most of the nitrogen and oxygen lines.
The measurements are summarized in Figure 9. There is a gap
in the peak region about 12 Mev. By a subtraction of competing
inelastic processes from the total inelastic cross-section in
this energy region (Hughes and Schwartz 1964), we estimate the
cross section for production of the 6.13 Mev line to be
375+100 mbarns at En = 12 Mev.

A numerical integration of the expression (26) yields
the intensity of the 6.13 Mev 1line at p* = 3.5 mb:

I(6.13 Mev): 6.4 x 10'3/cm2 sec (27a)

From measurements of Hall and Bonner (1959) of the
inelastic scattering of neutrons in nitrogen below 8.2 Mev,
Tower limits can be placed on the strengths of other lines.

At 3.5 mb pressure the largest of these lower limits is

I1(2.3 Mev) 22.2 x 1073/cm? sec | (27b)

Although, as discussed later, these and other lines
may be detectable, they make up at most a few percent of the
tota]’gamma ray intensity at balloon altitude. From Monte
Carlo simulations, it can be asserted that this remains true
with the inclusion of Compton degraded de-excitation photons.

Gamma rays can also be generated in slow neutron

capture reactions in the atmosphere, specifically N14(n,Y)N15.
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Figure 9. Neutron Inelastic Scattering in 0" .

(Hughes and Schwartz 1964).

16

© Smithsonian Astrophysical Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1970SAOSR.318.....P

DSAGBR_31B. 2.2 P

rt

Vette (1962) has shown this source to be very weak. The

14 (n,p)C14 is about 20 times

dominant capture reaction, N
more probable (Hughes and Schwartz 1958). Since the total
neutron absorption rate in a column of atmosphere is approxi-
mately 3.5/cm25ec (Kouts and Yuan 1952), and since the photon
multiplicity is about two for light elements (Muehlhause 1950),
the gamma ray production rate is of the order of .35/cm25ec
in the column. If the slow neutrons are assumed to be dis-
tributed uniformly per gram of atmosphere, then since the
interaction length of a photon is less than 40 g/cmz, the flux
of gamma ray lines at the top of the atmosphere due to the
capture of slow neutrons is

I & %(.35)(40/1000)%7 x 1073/cm? sec (28)

The radiation is distributed among a multitude of
different lines so that the intensity of any one line is mini-
scule. Monte Carlo simu]ations indicate that the intensity
will no more than double if Compton degraded photons are
included. From (28) and Figure 6, it can be concluded that
capture reactions account for less thanl% of the gamma ray

flux at balloon altitude.

6. Gamma Rays from Iﬁ -Decay

Mesons are copiously produced in cosmic ray collisions
with atmospheric nuclei. Gamma rays are then created through
the decay channel:

°— 2y
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where each photon has 70 Mev of energy in the rest frame of
the pion. Since the pions are often highly relativistic, it
is quite possible to have gamma rays with energies below
10 Mev being created in this way. Stecker (1967) has pointed
out that, if plotted versus Tlog EY, the differential energy
spectrum of the decay photons is symmetric about log (%m1$2).
Furthermore, higher energy photons can be degraded by scat-
tering to less than 10 Mev.

A calculation of cosmic ray production of T O's at
4.5 GV cut off has been carried out by Perola and Scarsi(1966).
They were able to obtain an estimate of the spectrum of pions
generated by the incident cosmic ray flux passing through one
gram of air.

From this pion spectrum, one can construct a gamma ray
source function. The incident flux of cosmic rays is taken
to be isotropic downwards, and following Perola and Scarsi,
the absorption length of these particles to be 95 g/cmz. If
some assumption is then made for the angular distribution of
pion production with respect to the incident direction, one
has a source function for pions. |

'Pions are then chosen by Monte Carlo according to the
weight of the source function. Each pion is allowed to decay
isotropically in its rest frame into two 70 Mev photons. The

gamma rays are mapped via the Lorentz transformations back

to the lab system where they can be followed by ATMSCAT and
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the flux at balloon altitude determined.

The procedure outlined above was followed with two
different models of pion production:

(a) The pions are produced collinear with the jncident

particle.

(b) The pions are produced isotropically.

In neither case is the computed low energy gamma ray
flux at balloon altitude appreciable compared with the brem-
strahlung. The flux of Ho-decay gamma rays between 7 and 10
Mev is calculated to be less than 1% that due to bremstrahlung;
at lower energy, of course, the ratio becbmes rapidly smaller,

The H°—production was not followed beyond the first
strong interaction. The charged pions coming off from these
collisions in the upper atmosphere decay before encountering
nuclei: |

A decay 4<1073 Anuclear (ETS-I.B Bes )
at 40 kilometers.

On the average, over half the incident particle's
energy goes into pion production for incident energy below
100 Bev. (Sandstrom 1965, Hayakawa 1969). The degraded
nucleons are considerably less efficient in producing low
energy gamma rays than the primary particles. The multi-
plicity of pion production is lower, and more significantly,
the pions arising from secondary collisions are typically of

lower energy; it is only the pions above about 1 Bev that can
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have a Tow energy.gamma ray as a decay product. Moreover,
secondary collisions will typically occur at greater depths
than primary interactions, with the resultant gamma rays more
likely to be absorbed before traversing a flat surface at

3.5 g/cmz. We conclude that the contribution to the low

energy gamma ray flux at balloon altitude from secondary strong
interactions will also be less than 1%.

It is of interest to extend the results of this section
and Part 3 to higher energies. In Figure 10, the contributions
of bremstrahlung and Ho—decay to the gamma ray intensity at
3.5 g/cm2 is plotted versus energy: From the discussion above,
it is clear that the Ho-decay curve must be viewed with
caution as the energy is increased toward E, ~70 Mev.

7. Total Atmospheric Background

The computed total flux of atmospherically produced

low energy gamma rays at 3.5 g/cm2

residual pressure is shown
in Figure 11. Estimates of the respective contributions of

the various process are summarized in Table 3 which follows.
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‘'Table 3

.3-10 Mev Photon Flux at 3.5 mb

Process . (#/cmzsec) Fraction of Total
Bremstrahlung 1.7 84%
.511 Mev Line .20 10%
Scattered .511 Mev 100 5%
Nuclear De-excitation >,01, <.05 >5%  <3%
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Figure 11, Total Atmospheric Low Energy Photons
at 3.5 mb.
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CHAPTER III
A LOW ENERGY GAMMA RAY INSTRUMENT

Under development here, in the Gamma Ray Laboratory at
S.A.0., is an instrument to be used in the investigation of
low energy gamma rays from space. The heart of the detector
is a cylindrical 3" diameter x 3" thick NaI(TI) crystal coupled
to a ten stage R.C.A. photomultiplier. The crystal was
manufactured énd packaged by Harshaw Chemical Co. The photo-
tube output is amplified and then fed into a 1024 channel
analogue to digital converter purchased from Nuclear Data,Inc.
The energy resolution of the system is 7.5% at .66 Mev.

Pulses resulting from charged particles passing through
the crystal are rejected by anti-coincidence with the output
of another phototube, which is optically coupled to a thin
plastic scintillation shield completely surrounding the No. I
detector and its tube. Tﬁe background is kept to a minimum
by having the electronics and power source encased in a sepa-
rate gondola, well away from the detector.

A gamma ray event is classified in the ADC according to
pulse-height with the result being stored as a binary integerA
in a sequeﬁce of fTip-%]ops. The bits are sampled by a para-
1lel to serial converter and telemetered to'ground via pulse-
code modulation. At the receiving station, the pulse-height

bits are stored on magnetic tape, along with the time in
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milliseconds, for future analysis.

The purposes of preliminary flights are:

(a) To compare the atmospheric gamma ray back-
ground at Hyderébad, India, 16.9 GV vertical
cut-off rigidity, with the background at 4-5
GV cut-off.

(b) To search for gamma rays from a solar flare,
and if successful, to make a detailed time pro-
file comparison of the gamma ray spectrum with
other flare parameters.

(c) To look for periodié gamma ray bursts from
pulsars.

There have been three attempts to date at balloon
launchings with this instrument aboard. First, at Hyderabad
in March 1969, there was an initiation command error and the
payload separated from the balloon at launch. Second, at
Holloman A.F,B., New Mexico in October 1969, a pressure leak
developed, and during ascent break-down in the tube base en-
sued with a resulting severe loss in gain. Finally, again
at Hyderabad, March 1970, the transmitting antenna was broken
off in launching and the data was lost

In order to properly interpret future observations made
with this instrument, it is necessary to examine in some detail,

the response of cylindrical Nal detectors to gamma ray fluxes.
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Moreover, such an analysis will allow a comparison of the
calculations of Chapter II with experimental results that

have been obtained.

50

© Smithsonian Astrophysical Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1970SAOSR.318.....P

DSAGBR_31B. 2.2 P

I'I_

CHAPTER 1V
DETECTOR RESPONSE

A. Processes in the Crystal
After entering the crystal detector volume, a gamma
ray can:
1. Compton scatter
2. .Pair produce
3. Undergo photo-electric absorption
4. Pass through unaltered
If it scatters, the secondary photon can do any of the

above things, etc.; the recoil electron is slowed by ionization

‘Tosses, but may radiate before stopping, thereby compounding

the problem. Similar remarks are applicable to pair production
and photo-electric absorption. Also, in the case of pair
production, the positron will usually annihilate from rest in
the crystal with the creation of two 511 Mev photons.

The light output from the crystal for a single event

is approximately proportional to the energy deposited by elec-

tron ionization in the detector. However, as outlined above,

some of the gamma ray energy may escape the detector volume.
Furthermore, the recorded pulse-height is not strictly propor-
tional to the energy losses in the crystal. There are small

non-linearities in light output and the usual flucuations in
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the number of electrons being emitted from the photocathode.
The statistics are Poisson in nature, with the resolution

of the system being nearly proportional to the square root of
the energy loss. Improvement in energy definition can be
obtained by better light collection and higher photocathode
efficiency. .

The pulse height distributions resulting from several
equal intensity monoenergetic gamma ray sources are dis-
played in Figdre 12. Typically, there is a nearly Gaussian
peak corresponding to events where the entire energy of the
incident photon EY is absorbted and -a continuum of pu]se-
heights up-to a fairly sharp cut-off corresponding to maximum
energy transfer to a recoil electron in single scattering.

This cut-off is termed the Compton edge and falls at:
’ E

e S e T (1)
Y
where m is the mass of the electron. If the quantum energy

is above 2 mc2, there are bumps corresponding to annihilation
radiation escape at
E. = E -~ mc 2a
1 5 T ‘ (22)
and
. E. = E 2mc2
2 Y (2b)
There are other features resulting from interaction with the

surrounding material, In particular, at .511 Mev and near

the "back-scattered seak" at
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Eb = EY - EC = EY (3)

) 1+ 2EY/mc2
Clearly, Eb <mc /2 for all Ey, and consequently this bump will

pose no problem for unfolding the pulse-height information
above 300 kev.

B. Techniques for Unfolding Energy Spectra

Nuclear spectroscopists, naturally, have been active
in devising schemes for the unfolding of pulse-height distri-
butions into gamma ray intensities. Let us assume that a
hypothetical radioactive source emits a series of lines given
by

N

N (E,) -]Zq a; S(E, -Ey)

Then, if one knew the pulse-height distributions for mono-

energetic sources of energies E E .,E, and of unit strength,

12 722"\
one could determine the intensities a;, ap,...ay from a least-
squares fit to the empirical data. But how does one estimate
the pulse-height distribution for each of the fictitious
mono-energetic gamma ray emitters?

~There are two basic approaches to this problem. One
technique, as reviewed by Zerby (1963), is to statistically
sample, by Monte Carlo simulation, the distribution of
ionization losses incurred in the appropriate metal halide

crystal when it is exposed to a mono-energetic beam of gamma

rays. If this method is chosen, one must follow the some-
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times involved sequence of events occurring in the crystal for
a large number of photons. Then, from theory or empirical
data, one must convert the ionization loss distribution

into a light output distribution. Finally,from estimated

light collection efficiency and photomultiplier response,

the pulse-height distribution is arrived at.
The alternative approach, interpolation, is perhaps less

elegant but may in some circumstances be more accurate. The

‘comp1ete pulse-height distributions for a sequence of standard

mono-energetic gamma ray sources is measured -preferably with
the same instrument and under the identical conditions that
will be present in the actual investigation of the unknown
source. Then one interpolates between these standard curves
to obtain the pulse~height distribuiton for an arbitrary mono-
energetic gamma ray source. We have chosen the interpolation
over the Monte Carlo method because of its simplicity and
economy (of computer time)., More elaborate matrix inversion
techniques for unfolding spectra have been developed - in par-
ticular, for space applications by Trombka at Goddard Space

Flight Center (to be published). With this extension of the

‘interpolation procedure;no assumptions need be made as to the

form of the spectrum.
C. The Interpolation Method
1. The Library of Standard Pulse-Height Spectra

The interpolation technique has gradually evolved
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from primitive "eyeball" judgment to the modern
theory developed by Heath and his coworkers (Heath
1964, Heath et al. 1965). First, they made very
careful measurements of the -ulse-height distri-
butions from a series of gamma ray sources(Figure
12). Fortunately, for ouf purposes, these studies
were made with a 3" x 3" Nal detector. The source
was»]ocated on the symmetry axis, 10cm. above the
top face, and the results were normalized to 107
radiocactive decays. Moreover, the system was ad-
justed so that
a. The lower 1imit of channel 0 corresponded
to zero energy.
b. The Cs137 peak (.662 Mev) fell at exactly
10 kev/channel.
If x Tabels the channe] number, the photopeak x, could
be represented empirically by the modified Gaussian expres-
sion (Heath et al. 1965):2

-(x-x4) /b 12
y (x) =Y R R (P L C S PO I (4)

0 e
where
2" .
b =w_/ 4(1ln 2) (52)
0 0
with the full width at half maximum for their instrument and
electronics given by

3 3/2
W, = -1.4816 + 1.0085 x = - .027944 x +.0023692 X (sp)
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The peak channel x_ is not exactly proportional to E0 the

0
incident gamma ray energy, but rather, as a result of non-

linearities in light output, is better approximated by the

formula below relating pulse-height to energy loss

2 5
x =~ 1,320 + 97.55 E+3.885 E - 6.453 E3 + 2.841E4-.3894E (6)

Froma least-squares fitting routine, the non-Gaussian cor-

rection terms were found to approximate

2
Tog, g, =11.536+11.495(Tog) ox)-5.116(10g X )

3 (7a)
+.6488(10910x°)

logloa =14.652-31. 614(loglox Y+14. 415(1oglox ) (7b)
-2. 626(1og x )3

Y is chosen so that ghe fraction of emitted gamma rays recorded
o}

under the photopeak obeys the empirical formula

Ae=3. 42x107% +6.84x10°3 £71-4,19x107%€"2 (8)
+3.8x10-%E-4 +1.88x1075g"°
where A is a correction for the presence of a thin 1.18 g/cm2

Be absorber, Then from (4), the normalization is

107 Ae
YO.= : 1 2 6 (g)
(nb,)% [1+(3/4)a b Z+(10,395/64)a,b,° ]

2. The Stretched Pu]se-Height Distributions
The first step in the interpolation scheme is to
subtract off the photopeak contribution from each

. mono-energetic gamma ray pulse-height spectrum,
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One is then left with a set of residual Compton
scattered pulse-height distributions. A naive
approach would be to proceeZ by performing a least-
squares polynomial fit to the data for each channel
in powers of the peak channel. However, because of
the sharp cut-off at the Compton edge, this is un-
suitable. Each function would have a region where
it varied rapidly and a polynomial of high degree
would be required to fit the points; even if the
points were fit very closely, the interpolation
would be highly inaccurate unless the reference
pulse-height spectra were in near proximity.

In order to circumvent this problem, a new set of re-
sidual pulse-height spectra are constructed, but expressed in
terms of.a variable z, the pseudo-pulse-height, rather than
the true pulse-height channel x. The pseudo-pulse-height
channel z is specifically defined so that the number of counts
per channel (for a fixed channel) is a slowly varying function
of gamma ray energy. |

'Depending on whether the incident energy is greater thah
or less than 1.3 Mev, the x-axis is broken up into segments
bounded as shown in Table 4 where Xb is the channel corres-
ponding to the back-scatter peak, Xo the double escape peak

X1 the single escape peak, X. the Compton edge, and X0 the

c
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full energy peak, as determined from (1), (2), (3) and (6).

Table 4
Energy Segment  Lower Limit Upper Limit Number of
: E 11
Spacqeudach?'ints

E0<1.3 Mev 1 1. Xb 51

2 X, X 100

3 Xc X, 50
E <1.3 Meyv 1 1 X 51
0 b

2 Xy X, 50

3 Xy Xq © 50

4 Xl Xc 50

5 Xc Xo 50

Then let z be a linear function of x in each such inter-
val with the entire segment being mapped into a number of
equal intervals on the z-axis as defined in Tab]é 4. E.qg.,
is

if E, s1.3 Mev; then x =1 is mapped intoz =1, x = X,

mapped into z = 52, x = X. is mapped into z = 151, and x = X_
is mapped into z = 201. Now let the nubmer of counts in each
channel of this "stretched" pulse-height distribution be de-
fined by

y (z(x)) = y(x)

for fixed energy E,- Then the value of y(z) represents the
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number of counts- per units x, not per unita z. For this reason

y(z) is more properly termed a pseudo-pulse-height distribution.

3. The Polynomial Fitting Procedure

We now have a set of my-mp pseudo-pulse-height distri-
butions, m; obtained from sources of energy less than
1.3 Mev, and m, obtained from sources of energy greater
than 1.3 Mev. To be precise, my = 11, corresponding to
the gamma ray emitters In-115m (.336 Mev), In - 113m
(.393) Mev,Be-7 (.478 Mev), Sr-85 (.513 Mev), Y-91m (558
Mev) Cs-137 (.662 Mev), Nb-95 (.931Mev), Mn054(.835 Mev)
Nb-92 (.931 Mev), Zn-65 (1.114 Mev), Ar-41 (1.29 Mev);
and m, = 6 corresponding in gamma ray emitters Ar-41
(1.29 Mev), V-52 (1.43 Mev), K-42 (1.51 Mev), Al-28
(1.78 Mev), K-38 (2.16 Mev), Na-24 (2.75 Mev). It
should be noted that Na-24 also radiates at 1.37 Mev.
This contribution has been subtracted off by Heath
(1964) and the results normalized to the emission of
107 of the 2.75 Mev photons.
Separately for each of the two energy ranges, we wish
to make a polynomial fit, for each integral value of z to the
residual stretched pulse-height distributions in powers of the
peak channel. The discdssion follows that in Ascher and For-
sythe (1958) and Heath,et al. (1965).
For fixed z, let fl’ fo,...,f (m=my or m2) be the set

m
of stretched pulse-height data points corresponding to energies
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El’ Eo ..., E, and peak channels X1s Xpa +ees Xp @S calcu-

lated from (6), Let pi(x) be a polynomial of degree i.

Then we wish to find coefficients So’ S Sn such as to

10
minimize the function

2?: [f, - fi 5P, (x )] (10)

Setting the partial derivatives 20/ 2S; = 0, we have

n_. m
:§: zg: P IRy = = i) (11)
k=1 j=
Define
m
Wij = :Ej P, xRy (x,) (12a)
k=1

E§{ FiePy (%) (12b)
then (11) simplifies to

n
zg: WigSs = . (13)
Jj=o '

If the p; (x,) are required to be orthogonal:

=S e ladpy(x) = o Gt ), (14)

L e |

then we have n equations
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wiisi = ey (15a)

or w szp
i Wi 2 (15b)
[P Xk)

It only remains to construct the set of orthogonal polynomials.

Let

(V2]
1]
-
n

P, (x) =
Then recalling that pi(x) is a polynomial of degree i, it
is obvious that one can construct higher polynomials by the

rule

p1 (x)
Py (x)

X po(x) = a;py(x)

x pp(x) - a,py (x) - g p_ (x)

1"0

.

.

p“l(X) =P (x) - e (x) -8ypy_p(x)

It is then straight forward to show that the orthogonality
conditions (14) holds of and only if:

> x [y (5]
P
S )

(16a)

o
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=
n

(16b)

From the above sets of equations thea i’B i and p; can all
be calculated recursively. It is important to observe that
the oy and B 5, and therefore, the Py depend on the set of
X, . This means that the polynomials generated in this way

k
will not, in general, be orthogonal for some other choice of
input spectra. .

For each value of z there are m points available for the
polynomial fit. The orthogonal polynomial of degree n = m-1
would pass right through the m data points. However, as n is
increased, the oscillations between points become larger and
the calculation becomes less reliable as it becomes more com-
bersome. It is, therefore, desirable to choose n to be small
enough that the interpolation between points is smooth, but

large enough to provide an accurate fit to the data. In the

.3 - 1.3 Mev region, m = 11, n was taken to be 5; in thé

1.3 - 2.75 Mev region, m = 6, n was chosen to be 3. The set

of coefficients ao,, g;,and S; which were derived by the pro=
cedure above are displayed in the Appendix.
4, Regeneration of Spectra

With the set of orthogonal polynomials and coefficients
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it is possible to calculate the residual stretched
pulse-height distribution y (z;EO) for a source of any
energy Ey placed on axis, 10 cm above the crystal and

normalized to 107 decays:

1=0

y(z;E)) = ﬁ S.pi(X,) (17)

where XO is calculated by the substitution of E0 into
equation (6). It is then an easy task to reconstruct

the true Compton continuum pulse-height spectrum. For
each integral value of x, the corresponding value of z

is found by the rule set forth in Seciton 2. In general,
that value of z will not be an integer: suppose it lies

between the integers Zq and z Then through interpola-

x
‘tion of the results for y (z7;E,) and y(z:E ) from
equation (17), one can get y (x(z); Ey).

Finally, the full energy peak is calculated from equa-
ticns (4)-(9) and added in to yield the complete pulse-height

distribution for a source of energy Eo' As a test of the en-

tire procedure, we regenerated the input spectra provided by

Heath and found, after small adjustments in the positions of

the peaks made necessary by round-off errors, that the spectra

were duplicated to a precision:

| 2\* 18
(Zly(xi) -y (xy)] ) el

E:Y(Xi)

< 1%
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where y (xi) and-y! (xi) are the number of counts in channel
X according to the input and.regenerated spectrum, respectively,
and where the summations go over all channels.

D. The Angular Response of a Cylindrical Detector

In astrophysical experiments an uncollimated Nal

¢rystal is exposed to gamma rays incident from all directions.
If the flux is isotropic, of intensity Icm"2 sec_l, and the
detector is 100% efficient, the omnidriectional geometry fac-
tor of the defector Go is défined by

C =G, I (19)
where C is the counting rate. For-a cylindrical detector of
radius r and thickness h, |

Go = J‘ ﬂrzud11+‘f 2rh(1-u2)lé du (20)

0
where is the direction cosine between the angle of inci-

dence and the symmetry axis. Solving by gquadratures:
2

Go = Lor® + Lorh . (21)

For the interesting case where h = 2r,

G, = 3/2 v (22)
Implicit in the following, unless otherwise stated, is that
h = 2r = 3".

In the real world low energy gamma ray detectors are not
100% efficient. If one considers a broad parallel beam of
radiation at some angle g with respect to the crystal axis (for

the remainder of this discussion the symmetry axis is also the

polar axis and the zenith direction), the efficiency is going
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to depend in some way on the ratio of the absorption length
for a gamma ray in Nal to some average thickness of material
encountered by the beam in traversing the detector. The
absorption length, of course, varies with energy; moréover,
the shape of the angular response curve describing the .detec-
tor also varies with energy. A simple example will illustrate
this latter point.

Suppose first, that the absorption length * is much
smaller than the dimensions of the crystal. Then the efficiency
n WwWill be nearly unity in any direction. The area x efficie-

0

ncy factor at 8 = 0 is

(An) =qr2
G 0

_ O
at 8 = $0°,
2
(An) o = 2 rh = 4r
8 = 90
I.e., for X<<r,
(An)
9=0 = H/4 (
An 23)
( )9=n/2

If, on the other hand, A>>r, the efficiency is just 8/} where
§ is the thickness of material through which the gamma rays
pass. At 8 = 0,
(An)9=0 =rr? (2r/2)
At 8 = /2, define a set of rectangular coordinates with the
beam direction parallel to the x-axis and the z-axis coincident

with the crystal axis, then
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(An) =2rf dy 2(r2 - y2)%/x
. y 2(r y©) %/

Making the substitution v = r sin ¢

a3
(An) 'ig— cos? ¢ do

8 =1/2 o
= (4r3/20) (w/2)
I.e., forx>> r,

(An)
8=0 = 1

(Ang=n/2 (24)
A comparison of (23) and (24) makes it apparent that the
efficiency does not change uniformly with energy as the di-
rection of the incident beam is altered.

1. The Effective Area - Efficiency of a Thin Slab

Suppose we have a uniform parallel beam of monener-
getic gamma rays at an angle 6 with respect to the symmetry
axis of the detector. As in the above discussion, define the
coordinate system with the z - axis perpendicular to the

crystal faces and oriented so that the photons have no y-

component to their momenta. Thanks to the cylindrical sym-

metry of the problem, jﬁ'w1]1 suffice to find the area-

efficiency factor, as a function of 8 , for this orientation

in order to completely specify the angular response.
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Now imagine that the crystal is cut along the x direction,
from the top face through to the bottom face, into a large
number of thin slices, each of thickness dy. If dy is made
sufficiently small,each slice is nearly a rectangular para-
1lelepiped of length L = 2r cos ¢ ,width dy, and height
L, = h = 2r, where cosx¢ is the cosine of the angle between
the radius vector drawn to an infinitesmal side dy and the
x-axis (see Figure 13). Number the faces of constant x and
constant z seéuentia]]y for each slice,starting with the top

face and proceeding clockwise about the y - axis; i.e., the

faces are named as follows:

Table 5
Number Face
1 z =0
2 x = Ly
3 z =L,
4 x =0

Consider the radiation incident on an isolated slice.
Since there is no y - component of momentum, a photon passing
through'the para]]g]epiped can trace only one of four possible
courses: enter face #1, exit face #3; enter #1, exit #2; enter
#4, exit #2; enter #4, exit #3, Some of these routes may be
impbssib]e; e.g., if 08 = 0%, all the radiation passing direc-

tly through the crystal will enter #1 and exit #3. The im-
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portant parameters for each path, for an arbitrary slice and

zenith angle, are tabulated below:

Table 6
Path Path Length Element of Area J Limits of Integration
1—3 L, /cos @ cose dxdy x =0, t(Lx—LZ tan 9 )
1—>2 (Lx-x)/sine cos® dxdy x=t(Lx—LZtanO ),LX
4 — 2 L /sino $in® dzdy z=0, t(L,-L, /tan @)
4— 3 (Lz-z)/cose i sine dzdy z=t(L, -L,/tan 8), L

where t (g¢) means the maximum of either & or zero. The first
column notes a pair of entrance and exit faces through which
a photon may pass into and out of the slice. The second col-
umn records the total path-length of such a photon in the slab.
This may be a function of the x or z coordinate on the entrrnce
face where the photon strikes the slab. In column 3 the ele-
ments of area, normal to the photon beam, on the entrance face
are indicated. In c§1umn 4, the limits of integration over
the nérrow entrance face are listed with proper allowance being
made for the correct ex%t face. |

Let Jo be the intensity of the para]]ef monochromatic
beam and let Cij be the number of quanta/second that enter
face i and leave face j. Then if the absorption length in Nal

at this energy dis A it follows from Table 6 that
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For LX<L2-

€13

c
12

C42
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J_dy cos 8

= J dy sin ©

g(LX—LZtan 9)

J dy cos BJ

o)

L
X

dx e

dx

dz.

e

e

st/x cos 8

“(Lx-x)/A sin @

“t(Ly-L, tan 8)
t(L,-L,/tan 8)

-L,/Asin 8

. -(L,-2)/xcos 8
sin 8 dz e

t(Lz‘Lx/tan 9)

0
do
L,
= Jody
tan 8

Jo,dy cos @ (LX-LZ tan 8) e

= Jody asin 6 cos @ (1-e'Lz/lCOS 9)

= J,dyisin 8 cos 8 (1-e

tdn 6:

0

- A
Lz/ cos B

J,dyX sin @ cos @ (1-e” L,/ Asin 8

J,dy sin 0 (LZLx/tan 0
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_ . ~Ly/xsin 8 (274)
c43 = Jody Asin B cos 8 (1l-e )

. .
Let C be the number of photons transmitted through the slice
per second. Then,

cC = C13 + C12 + C42 + C43 _ (28)
Then from (26), (27), (28) and some algebra

. ) -L,/xo0s 8
C'=dody - @Xsin Bcos B+e (Lycos Q-Lzsine—lein Bcos eﬁ

-LX/Asin 0

C'=d_dy |2xsin Bcos Q+e
Y [ (Lzsin G-Licos -2xsin Bcos Gﬂ

(LX<LZtan 8) (29b)
A check on the calculation to this point is the necessary

symmetry of the above expressions:

(29a) ¢——=>(29b)

(L, L, sing , cos 8) «—>(L,, Ly, cosg , sing)

The area-efficiency factor of the slab is now completely

specified. For energy E, it is given by

Aglex [0 (E8] =o'l (D)9, (30)

where the area factor,

A_(e) = L_d os 0 + L_d i
S(l) L4y c ,dy sin @ (31)
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and ng (E, 8) is by definition the angular efficiency of the
slice at energy E,.
2. The Area - Efficiency Factor for a Cylindrical Crystal
To get the angular response of the whole crystal, we
must integrate equation (30) over all the slices with C' sub-
stituted from (29a,b). If A(B8) and n(E,B) are the area and
efficiency of the detector as a function of zenith angle and

energy, then

r
A(8) [1- n(E,8)] = 2/J0I dy €' (y) (32)
)

C can be expressed as a funct?on of y by recalling that

Lx = 2r cos @

= 2(rc-y")

and that

LZ = 2r (34)

Substituting (33) and (34) into (29) and the resulting ex-

pression into (32), we have

y*
. =2r/Acos
A (9) [1— n(E,e)] = 4xr sin O cos@ + 4\J.‘ dy e
) B . ,
1 : )
[(7‘2*)'2)2 coseé-r sin 6 -~ sin 6 cos 9]+ 4\[ dy{
4 . ’ Cd
<2(x2-y%) " /rsine , % -
e [r sinb-(r -y )cos® -
~ Asin® cosé} _ (35)
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*
where y 1is defined by equations (19a,b) to be the value of
y, between 0 and r, when

Lx = L, tan ¢ (36)

or from (33) and (34),

4(r2 - y*z) = 4r2tan2

8
solving for y*
y* = r‘(l—’camze)l/2
Sometimes equation (36) will lead to non-physical values for
y*. The full definition of y* is written below.
y* = r(1-tan2e)® (0°<0<45°)
y =0 (45%<8<90°) (37)
The first integral on the right of equation(35) can be done

analytically, so that

-2r/Xcos®
A(0) [1-n(E,8)] = 4Xr sin® cosb +de .
2 % K
Lr cosO(a +% sin 2¢ )-y sin®(r+icosB) +4 dy... (38)
*
where Y
* -1 *
a = sin = (y'/r) (39)

The second integral in equation (35) can be evaluated numeri-
pa]]y; Then the area-efficiency factor is easily arrived at
by noting: , ’

A(e) n (E,0) = A(g) - Alg) [1-n (E.@)]" (40)

where the.effective area of the entire crystal is given by
74

© Smithsonian Astrophysical Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1970SAOSR.318.....P

DSAGSR.31BI [0 PO

I'I_

A (9) =mr2cos 0 + 2 rh sin 9 (41)
The curves in Figure 14 indicate the results of the calcu-
lation, for several energies, for a 3" x 3" Nal cylindrical
detector.

Also displayed on the graph are experimental data pointé
which we obtained in the preliminary calibration of the 3" x
3" NaI detector described in Chapter III, For these studies
a gamma ray source was located 20" from the geometric center
of the crystal. The output pulses were sent from the photo-
multiplier to a 100 channel pu]se-ﬁeight analyzer, manufactured
by Technical Measurment Corporation (Model 102), where they
were placed into pulse-height bins and counted. The pulse-
height distfibutions were recorded separately, for equal time

© and 90°

intervals, with the source placed at 0°, 30°, 459, 60
with respect to the crystal axis. In Figure 14, the angular
variation of the area under the full-energy peak, as a fun-
ction of energy and angle, are plotted. For the sake of com-
parison, the results at each energy are normalized to match
the theoretical area-efficiency curve at 6 = Od.

. Although the distance from the source to the center of
the crystal was coﬁstant to 1%, the average intensity ir-

radiating the surface of the detector varies somewhat with

the angular position of the emitter., We have estimated and
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Fig. 14, Area - Efficiency of 3" x 3" Nal Crystal.
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corrected for this and for the scattering in the surrounding
material. The error bars in Figure 14 include remaining un-
certainty in those factors, in the position of the source, as
well as statistical fluctuations in the number of counts.

In spite of the approximation to a parallel uniform
flux by a point source (the angle of incidence was typically
defingd to a 6° half-angle), the agreement with the shape of
the theoretical curve is quite good when 8%45°. There is
strong disagréement at 90°, where it appears that the fraction
of counts contained in the full energy peak, i.e., the peak;
to-total ratio, is anomolously low. The same effect has been
observed by Trombka (to be published). The reduction in the
peak-to-total ratio corresponds to the increased probability
for escape after a small angle scattering.

3, The Response of the Detector to an Isotropic Flux

Taking the calculations of the previous section one step
further, we can evaluate the integrated isotropic area-
efficiency factor of the detector, as a function of energy.
Definingu = cos @ and noting that

sing = (I—LF)%,

l-tanze = 2 -p—z,"

theta can be eliminated in favor of mu in equation (38). Then
multiplying both sides by the equal solid angle factor du and
integrating from 0 to 1, we can solve for the isotropic area-

efficiency factor as a function of A by using the relationship
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Aoh J(E) = A - A 1 - né{j] (42a)
where, as computed by (21) or (22),
A, = Gg = 3/2 1r? (42b)

The energy dependence appears only in i, the absorption
length. In Figure 15,t (=1/x) is plotted versus energy for
NalI. An analytical representation of that curve, as obtained
by a fitting brogram, is:

Int = 1.516 - .2941(1n E) + .4104 (1n E)2
(.26<E<1 Mev) (43a)

Int = -1.512 - .6604(1n E) + .1991 (1n E)2

(1<E<10 Mev) (43b)
It is convenient to introduce a quantity Ro, defined by
n
0
Ry =2(0) (44)

where "o is the efficiency, averaged over solid angle for an
isotropic flux, as defined by (42); n(0) is the efficiency
of detection at 8= 0°:

n(0) =1 - e-Th | (45)
The energy labelling has been suppressed. |

Ro was computed for a large number of values of tau

from equations (35) - (42), (44) and (45). A least squares
fit yielded the formula of (46), applicable to a 3" x 3" Nal

detector,
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Figure 15, (Nat, Bureau of Standards Circular
| NBS - 583, 1962)

© Smithsonian Astrophysical Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1970SAOSR.318.....P

DSAGSR.31BI [0 PO

I'I_

R = .6600 + .48815 T- .2433 t2

0 (E >.22 Mev) (46)

to 1% precision, where tau is given by Figure 15 or equations
(43 a,b). In the low energy limit, both g and n(0) approach
unity, consequently,

Ry =1  (ars>> 1) | (47)
As the attenuation length is increased, it is apparent from
Figure 14 that the response of the crystal approaches isotropy,
that is,

n(0)A(0) = n(8)A(S) (. re<<1) (48)
for all theta. 1Integrating both sides of equation (48) over
solid angle, we have with the help of (41),

" 3/2nr2 = n(O)nr2

or

Ro = 2/3 (tr<s<1) (49)

Equation (46) can be used for any 3" x 3" cylindrical
detector. The results must, however, be interpreted in the
light of the appropriate tau versus E dependence for the par-
ticular detector substance. E.G., if the corréct energy de-
bendence is allowed for, the expression is valid for a 3" x
3% CsI detector when E> .28Mev,

We can generalize the above results still further, to
any h x h cylindrical detector, by noting that R  can be ex-

pressed as a function of the ratio x/h or th. Writing (46)
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in the invariant form

Rop = 6609 + .06406 th - ,004190 (th)2 , (50)

we have an expression for R, applicable to any cylindrical

detector of thickness h, diameter h = 2r, independent of h
or material, in the energy range defined by

(E)h<7
Moreover, it is clear that the limiting expressions, (47)

and (49), apply to any such detector.
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CHAPTER V

. EXPERIMENTAL PREDICTIONS

-

A. The Energy Loss Spectrum in the .3-2 Mev Range

The atmospheric background flux at 3.5 g/cmz, 40°
latitude has been explored by Peterson and Schwartz (private
communication) with an uncollimated 3' x 3'" Nal detector.
Their measurements are summarized in Figure 16 - the data is
presented in counts/cm2 sec Mev, with no attempt being made
to unfold the gamma ray spectrum. But the equations of the
last chapter allow an estimation of the response of such an
instrument to an arbitrary low energy gamma ray flux. This
enables us to check the calcualtions in Chapter II by using
them to predict what should be observed with a 3' x 3" Nal
detector at 3.5 mb and then comparing them with the results
of Peterson and Schwartz. |

The library of standard sources of Chapter IV included
gamma ray emitters only up to 2.75 Mev, so that even with
reasonable extrapolation, the polynomial fitting routine can-
not be employed beyond E=3 Mev. Since the pulse-height dis-
tribution below the double escape peak (x<X2) is relatively

flat and smoothly varying with incident energy, it is pos-

sible to estimate the number of counts in a particular channel X

" resulting from incident gamma rays above 3 Mev, where x<200
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Figure 16, Atmospheric Flux at 3.5 mb (Peterson 1969).
o Calculated Count Rate,
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(recall that this correspohds to <2 Mev deposited in the
crystal). The correction becomes large and difficult to
assess for x>200, consequently we shall limit ourselves to
the region 30<x<200.

A continuum flux, like the one of Figure 11, can be ap-
proximated by a sum of monochromatic sources. If the energy
range from .27 Mev to 3 Mev (to find the number of counts at
x=30, photons slightly below .3 Mev must be included - their
intensity in the atmosphere was obtained by extrapolation)
is broken up into small intervals AEi each centered about an
Energy Ei’ then an equivalent monochromatic flux in the ith
interval can be defined by the expression

I(Ei)
where J(Ei)'

J(Ei) AEi (1)

1

# photons/cm2 sec Mev at EY =Ei'

For Ei <3 Mev, the polynomial method enables one to
calculate the resulting pulse-height distribution were the
crystal to be exposed to 107 gamma ray emissions from a mono-
chromatic point source of energy E:» located on-axis, 10
centimeters above the top surface. In particular, the number
of counts under the full-enérgy peak will be given by

Np' - 10’ LA | ' (2)
where Aeb is found from (IV-8) evaluated at E=Ei. Np is re-
lated to the total number of detected events N by the rela-

tionship
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N
p

fP(Ei) N ' 4 (3)

where fp(Ei) is the peak-to-total ratio. An analytical rep-

resentation of empirical data, obtained by Heath (1964) with

a series of sources placed in the above standard configuration

with respect to a 3" x 3" Nal detector, is

) i 2
£,(E) = .424 - .628(log)(E) + .388(log E) (4)

in the energy region (.27< E <3 Mev),

Now in order to compute the pulse-height distribution

from the equivalent monochromatic source of equation (1) 1let

us make the following simplifying assumptions:

(a)

(b)

© Smithsonian Astrophysical Observatory ¢ Provided by the NASA Astrophysics Data System

The shape of the distribution will be identical to
the one resulting from a point source of the same
eﬂergy placed in the standard configuration. In
particular, neglect the yariation of fp(Ei) with
the angle of incidence. Since the average (over
solid angle) peak-to-total ratio may be 5-10% lower
than the value at 00, this assumption may lead to

a slightly flattened pulse-height spectrum.

The number of counts per second in the full-energy
peak is given- by |

- 2 .
dN‘p/dt = I(Ei)Ro(Ei) 1.57r fp(Ei) n(O,Ei) (5)

with I(E;) given by (1), Ro(Bi) by (IV-46),fp(Ei)

by (3), and the efficiency at 0° n(O;EQ by equations
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(IV-45) and (IV-43).

In other words, first we calculate the pulse-height
distribution for a standard source, normalized to (2); then
we scale the entire distribution by a factor determined by
(1) and (5). This renormalization is equivalent to taking the
isotropic area-efficiency factor and the 0° peak-to-total
ratio as a description of the crystal response. Since the
dominant (upward) photon intensity is nearly isotropic (Figure
5) and the response of the crystal is also a weakly varying
function of angle (Figure 14), the error introduced by this
assumption is expected to be <10% aside from the small dis-
tortion in shape that was mentioned above.

The pulse-height distribution at 3.5 can now be cal-
culated in four steps.

1. The Atmospheric Continuum

Sum up the contributions, normalized to equation
(5), of the equivalent line spectrum of equation (1), where
J(Ei) is the bremstrahlung plus scattered annihilation con-
tinuum of Figure 11. The intervals were made sufficiently
narrow so as to smooth out any discontinuities - throughout
the integration, AEi was less than .002 E,.

2. The .511 Mev Line
Add in the pulse-height spectrum from a monochro-

matic .511 Mev isotropic flux of a strength given by (II-22).
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Again, the normalization is fixed by equation (5), where
I(.511 Mev) =,20 cm Zsec” I,
3. Gamma Rays Above 3 Mev
The count rate in channel x due to these photons

can be written formally as

C(x) = 1.5r2 J‘ dE J(E) g(E ,x) (6)
Y Y Y
3

where g(EY,x) is the probability that a photon of energy EY,
upon striking the crystal, will cause a count to be registered
in channel x. The probability of pair production (vis a vis
Compton scattering) in Nal increases sharply as the incident
energy is raised above 3 Mev. Correspondingly, a larger frac-
tion of the events will fall in channels x<X;. Moreover, the
counts falling below the double escape peak will be distributed
over a greater number of channels. For these reasons g(E ,x)
is a decreasing function of E (>3 Mev)for x less than ZOOT
Coupled with the monotonic decrease in J(Ey) with energy, it
becomes possible to replace the upper limit of integration in
equation (6) by Emax°’7 Mev.

From an extrapolation of the standard pulse-hecight
spectra obtained by Heath, we can estimate g(EY,x); J(Ey) is
gotten from Figure 11. Recalling that each channel is=10 kev
wide, one finds a pulse-height contribution from photons above

3 Mev of
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dC/dAdE = (2.5%+1)x10 2cm™ 2sec™ Mev ™! (x <200) (7)
where

E = .01 x
It will turn out that this correction is negligible for x <100
and less than 25% at x = 200,

4. Primary Gamma Rays

Finally, we must include the counts resulting from

primary gamma rays arriving from outside the Earth's atmo-
sphere. As mentioned in the introduction, Metzger et al.(1964)
have investigated the diffuse flux.of gamma rays 1in space.
In the .3 to 1 Mev region, they recorded an omnidirectional
energy loss spectrum given approximately by

dC/dAdE = .18E 2counts em™ 2sec” IMev !

(8)
They had a 2.75" x 2.75" CsI detector with an average mass of
2.5g/cm2 surrounding the instrument. It should be noted that
equation (8) is not the gamma ray spectrum - an unfolding of
the instrument's energy response would leave a less steep
power law.

"Since the behavior of a 2.75" x 2.75" CsI crystal is
not very different from-a 3" x 3" Nal detector and since there
is not much difference in gamma ray absorption, the primary
flux at 3.5 mb, over the downward hemisphere, will increase
the rate by approximately

2

dC/dAdE = .09 E %cm “sec™IMevl (9)
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Combining all four of the contributions listed above,
we arrive at the predicted pulse-height spectrum from 300 kev
to z Mev for an uncollimated 3" x 3" Nal detector at 3.5 mb
altitude and medium latitude. Séme representative points
are plotted along with data of Peterson and Schwartz in
Figure 16. The agreement in slope and normalization is quite

good. The continuum energy loss spectrum follows a power law

given by

-2.25 -
2.2 cm 2 1

dC/dAdE ~ . 3E sec Mev”

(10)

It is interesting to compare this with the bremstrahlung
spectrum before the crystal response was folded in. From
Figure 11 we see that the exponent in the power law describing
the atmospherically produced photon flux is about -1.5 in the
same energy region. So the crystal response distorts the
spectrum appreciably.

By analogy, one is let to the conclusion that the cosmic
diffuse flux is better described by a power law with an ex-
ponent of &= -1.4 than by the expression on the right of
equation (8).

‘A further point for discussion is the abrupt flat-
tening of the diffuse photon flux above 1 Mev that was recorded
on the Ranger 3 flight (Arnold et al. 1952). The results from
Ranger 5 call this observation into question (Metzger et al.
1964). Moreover, a flattening as large as first reported is

in apparent contradiction with the measurements of Peterson
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and Schwartz made near the top of the atmosphere (Figure 16).
For the purposes of our calculation, we have simply extrapo-
lated the space flux curve from 1 Mev to 2 Mev.

A more moderate flattening at about 2 Mev has been re-
cently reported by Vette et al. (1969). If the flattening
turns out to be real, it will be difficult to invent a
mechanism for generating such a discontinuity in the spectrum
in the 1 Mev region. There would instead have to bé some
distortion of the spectrum taking place during the passage of
the photons through space.

One possibility for the excess woula be a cosmological
red-shift of higher energy photons, e.g., 1°-decay gamma rays
or nuclear line emissions into the Mev region. Alternatively,
it may reflect a distortion of the spectrum in passage through
matter. Let us assume a photon is scattered, with an energy
loss from E to E'. That particular scattering would tend to
steepen the spectrum below E and flatten it above E. At a

particular energy, it is not obvious whether the overall inte-

~grated effect will be one of steepening or flattening, - it

will depend on the slopt of the photon spectrum and the rate
of change of the cross section(Figure 15) at that energy. But
it is interesting to note in this regard that a gentle flat-
tening in the 1 Mev region can be seen in Figure 6 for upward

moving atmospheric bremstrahlung. If this suggestion for the
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flattening of the cosmic flux is correct, it indicates that
the photons have passed thorugh a sizable amount of material
before being detected. Finally, it should be noted that the
crystal efficiency begins to level off in this energy region
(Figure 15) - this too could give rise to an anomolous flat-
tening.

An accurate determination of the energy spectrum for the
cosmic diffuse flux is necessary before their origin can be
understood. As the above discussion indicates, the theoretical
energy dependence may be sensitive to the choice of cosmo-
logical model.

B. The 6.13 Mev Line

The intensity of the 6.1 llev 016

line at balloon alti-
tude was earlier found to be
I(6.1 Mev)::6.4x10'3cm'zsec—1 (I1-27a)
This corresponds to a count rate under the full-energy peak of
C(6.1 Mev)::6.4x10'sém'zsec°1 (I.Snrz) nofp (11)
where r is the radius of the crystal, n, is the isotropic ef-
ficiency, and fp is the peak-to-total ratio. From an extrapo-
lation of equation (3) and a consideration of the discussion
at the end Qf the last ghapter, ﬂofp::.07.
This gives a count rate of
C(6.1 Mev):32.75x10"25ec'1 (12)

On the other hand, further measurements by Peterson and
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Schwartz in this energy region indicate a continuum energy
loss spectrum: |

dCc'/dAdE 9=3x10q2cm"25ec‘1Mev'1
If the energy resolution of the }nstrument at 6 Mev is taken
to be=3%, then there will be =.4 counts/second under the full
energy peak. The line should stand out as a three deviation
excess in about 100 minutes of observation time. Good reso-
lution and especially stable gain will be necessary to confirm
this flux.

C. Conclusions

From Figure 5 it appears that it is possible to study
the diffuse cosmic photon flux with balloon borne collimated
detectors. But in order to reduce the atmospheric background
to a level iO times less than tﬁe cosmic flux, one needs to
reduce the upward and sideward flux by about a factor of 30.
As discussed by Chupp (1966), the neutron induced gamma ray
background in the detector and the surrounding material then
becomes comparable. Morevoer, the collimation material can
actually increase this component of background. Thick plastic
scintillation shields, sensitive to low energy proton knock-ons,
can provide some degree of rejection agains neutron events.

In any case, since the downward electron intensity is
nearly constant in the first few grams of atmosphere, the down-

ward atmospheric photon background at high altitudes should
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almost a linear function of depth. The upward gamma ray albedo
will be nearly constant at small depths. This allows an
extrapolation to yield the atmospheric contamination; and by
subtraction, the residual (priméry) component. Certainly,
even with only a factor of five reduction in background, a few
per cent anisotropy in the diffuse flux should be detectable.
Another point to be made from Figure 5 or Figure 16 is
that the atmospheric background is less than an order of
magnitude greater than the diffuse space flux at balloon alti-
tude. Consequently, the only significant gain in launching
a point source detector into space is the opportunity for

long observing times.
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APPENDIX I
PARTICLE FLUXES

If NB represents the numbe} of particles of type 8, then
in the notation of the text, we can define the fluxes of
particle B by the derivatives listed below.

I,=dN,/dAdt (#/cm?sec)

i,=dN,/dAd dt  (#/cm’sec st)

JB=dNB/dAdEdt (#/cm?sec Mev)

jB=dNB/dAdEdet (#/szsec Mev sr)

One further convention: the subscript indicates a flux
through a flat surface. E.g., (IB)* means the number of par-
ticles of type B crossing a flat unit area per unit time. For

an isotropic flux, it is easy to show that

= 1
(IBL_ 81,
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APPENDIX II

THE MONTE CARLO METHOD

A general discussion of Monte Carlo can be found in
(Kuo,1966). The basic problem that we wish to solve is this:
Given a variable x in the interval (-=,~), how can we
select values of x at random, but with probability
proportional to a weighting function f(x)?
In order to solve this problem, parameterize x by another
random variable t with a domain (0,1) and weighted by a uni-
form distribution there; i.e., any value of t between 0 and
1 is egually 1likely.

By the definition of a weighting function,

dt=f(x)dx/J~ f(x)dx (1)
Integrating eachtgide up to some fixed 1limit, we have
T X, -
k[ dt = \[ f(x)dx J‘ f(x)dx (2)
0 - T
or
'r = F(x ) | (3)
0

where F is some function of X only. But if r is chosen ran-
domly in (0,1), so that each interval Ar is equally probable,

then each corresponding interval Axo, as defined by the

inverse relation
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x = F 1) (4)
o

is equally likely., But X, is just a particular value of x;
so if r is chosen by the rule given above, we have a method
for finding an x weighted by the probability density f(x).

The problem, as originally stated, then reduces to per-
forming the integration in equation (2), choosihg a random
number r according to a uniform probability distribution, and
inverting equation (3) to find X Most large digital compu-
ters have a routine available for generating values of r,
which for practical purposes, are uniform on the line segment
(0,1). 1In actuality, these numbers are generated sequentially
by a deterministic process and should,strictly speaking, be
labelled pseudo-random numbers.

Two examples will elucidate the.use of Monte Carlo in
our calculations. First suppose a simulated photon is initia-
ted at a depth P> and we wish for it to interact at a depth

Pfs weighted by the usual exponential attenuation,

-(pe-P.) /cosa
flpp) = e PEP T

Then, in analogy with (2) and (3), let us write
P .
J\ £ ~(P-Pi)oc /cosa
¢ T

dp
r = Pl
7 -(p-pj)o /cosa
-f e T dp
P; ‘
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~(p .-p.)o /cosa
r=1-c¢ pf Pi T

But if r is a random number, weighted by a uniform distribution
in(0,1), so is r' = 1-r, Therefore, we can write

-(p -p.)o /cos a
. Pf P1 T o
or

P =p. *+ (In r) cosa/o
£ i

Second, suppose we wish to select a zenith angle accord-
ing to an isotropic distribution, i.e., according to a weight-

ing function sin6. Again we can write
8

T =\[ sinB' d8' =1 - cos®8

or
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APPENDIX TIII

Polynomial Coefficients

FT970SACSRI3IB. -0 PO

A, E <1.3 Mev

THE S0(I) = LOw ENERGY

2 3 4 5 6 7 8 9
50 ?IIXI 2-1{6003 2408E+03 2405E+03 2.02E+03 2400E+03 1.98E+03 1.97E403 1.95E+03 1.94E+03
60 1.93E+403 1.92E+03 1.91E+03 1.90E+03 1.90E+03 1489E403 1.88E+03 1,88E403 1,87€+03 1487E403
70 1e87£+03 1e87E+03 1e87E+03 1.86E+03 1.86E+03 1e86E+03 1e86E+03 1486E+03 1+86E+03 1eB86E+03
80 1.86E+03 1.85E£+03 1.86E+03 1,86E+03 1,86E+03 1.86E+03 1,86E+03 1485E403 1.85E403 1.86E403
90 1.86E403 1.86E+03 1.85E+03 1.85E+03 1.85E+03 1486E+03 1.86E403 1.86E+03 1.87E+03 1.87E+03
100 1.87€+03 1,88E403 1,88E+03 1,89E+03 1.89E+03 1.90E+03 1.90E+03 1.90E+03 1,90E+03 1490E+03
110 1,90E403 1.91E+03 1,91E+03 1,91E+03 1,91E+03 1.92E+03 1.92E+03 1.93E403 1,93E+03 1493E403
120 1.93E+03 1e94E+03 1.94E+03 1.94E+03 1e95E+03 1495E+03 1495E+03 1.95E+03 1495E+03 1.95E403
130 1.95E403 1,94E+03 1.94E+03 1,93E+03 1.93E+03 1.92E+03 1.91E403 1.89E403 1,87E+03 1.85E403
140 1,82E+03 1,78E403 1,75E+03 1,70E403 1.64E+03 1.58E+03 1.51E+03 1,43E403 1436E403 1.285033
150 1420E403 1.11E+403 1.02E+03  9,34E+02 8,62E+02 B8401E+02  7,45E402  7.05E«02 6470E+02 6438E402
160 6410E+402 Se86L+02 5.69E+02 5.53E402 5.39€E+02 5.28E+02 5.17E+02 5409E+02 5.,01E+02  %e¢96E+02
170 4,91E+02 4oRTE+02 44B7E«02 4+88E+02 4490E+02 4¢91E+02 4e92E+02 4e92E+02 4491E+02 G.BSEOOZ
180 4,75E+02 4454E+402  4425E+02 3.81E+02 3.34E+02 2486E+02 2,46E+02 2401E+02 lo56E+02 1.295002
190 1.11E+02 9¢51E401 T+47E«01 4,60E+01 2,54E+01 2,05E401 1,71E+01 1.57E+01l  =5,64E+00 <=2.28E+01
200 ~2445E401 11111 11111 I1Iit 11t It 11t 11111 IIILI 11111
THE S1(I) = LOw ENEKGY
0] 1 2 3 4- 5 6 7 8 9
50 T1111  =2e25E401 =2434E+01 =2,641E401 =2,643E+401 =2,42E+01 «2,42E+0]1 =2,41E+01 =2,39E+01 =2.,38E+01]
60 ~2e36E401 =2433E401 =2,32E401 =2,29E+01 =2,26E+01 =2,25E401 =2,24E+01 =2,23E+01 =2,22E+01 =2,24E+01
70 =2023E401  <2422E401 22,21E401 =2,22E401 =2,23E+01l =2,23E+01 =~2,23E401 =2,23E401 =2,22E+01 =2,23E401
80 ~2023E401 <2424E401  22,24E401 -2,23E401 =2,23E+01 =2,23E401 =2,23E+01 <2,23E401l =2,23E+01l <2,23E401
30 =2¢23E401  =2422E401 <=2,22E+01 =2,22E+01 =2422E+01 =2,21E401 <2,21E¢01 =2,20E40l =2,20E401 <=2.21E401
100 =2021E+0]1 <=2420E+01 =2,19E+01 =2420E+01 =2421E+01 =2,21E+01 =2,19E+01 =2,18E+01 =2,17E+01 <=2,15E+01
110 «2014E+01 =2,12E+01 =2,09E401 =~2,09E+01 =2409E+01 =2,06E+01 =2,05E+01 =2,04E+01 =2,03E+01 <=2,01E401

120 ~1e99E+01 ~1.96E+01 =1495E+01 ~1.93E¢01 =1.91E¢01l =1,86E+01 =1,83E+01l <~1,79E+0l <1476E+01 =1473E401l
130 ~1e68E+01 =1463E+401 =1458E+01 ~1.52E+01 ~1445E¢01 =1.39E+01 =1,33E+01 =1424E«01 =1,17E+01 <=1,09E+01
140 «1e04E401 «9,77E400 =9,25E+00 «8,95E4+00 =8,B89E4+00 =9,05E400 =9,41E+00 <9,91E+00 «1,05E401 <«1,12E401
150 =1e19E+401 =1408E401 =-9,88E+00 =9,01E+00 =8¢30E+00 =7,94E¢00 =7,54E+00 =7,39E+00 =7,43E+00 «7,54E400
160 «7¢6BE+00 =7.80E4+00 =7,93E+400 «B,0lE+00 <=B402E+00 =B8412E+00 =8,35E+00 =8,60E+00 ~B,78E+00 =8.98E+00
170 =9020E+00 =9443E400 «9,82E+00 «1,02E401 «1,06E+401 =1,11E+01 «1,15E+01l =1,20E+01 =1,27E+01 =1.35E401
180 ~1le42E+01 =1445E401 <1,645E401 =1440E+01 =1434E+01 =~1,27E+01 =1,19E+01l =1,10E+401 =9,92E+00 =8484E+00
190 «7+T0E+00 <6436E400 <44BT7E+00 <=3,08E+00 -1,58E+00 «4,76E-01 2445E-02 <=1,21E-01 «1,11E~01 =5,31€-02
200 ~l462E-01 11111 11111 11111 11111 11111 1883 8¢ 11111 11111 1

THE S2(I) = LOW ENERGY

v 1 2 3 4 5 6 7 8 9
50 11111 1+31E-01 1427E=01 1434E=01 1451E-01 1468E-01 1.80€=01 1.85€E-01 1.89E-01 1.88E-01
60 1.87E-01 1486E=01 1483E-01 1.80E=-01 1e77E=01 1e72E-01 1.68E=01 1464E=01 1460E=-01 1455€-01
70 1.56E-01 1458E-01 1,62E-01 1459E=01 1455E=01 1.57E-01 1.56E-01 1,54E=01 1.55E-01 1.53E.01
80 1e55E=-01 1+55E=01 1e54E=01 1.52E=-01 1454E=01 1e61E=-01 1.66E=01 le71E-01 1.72E-01 1470E=01
90 1,69E-01 1.72E-01 1,75E-01 1.,78E-01 1,81E=01 1,85E-01 1.88£-01 1,89E.01 1,89E-01 1.93E-01
100 1.99€=01 1.97E-01 1093E-01 1.94E=01 2.,01E=01 2002E-01 1,98E-01 1.93E-01 1,93E-01 1.93E-01
110 1.89E-01 1.85E-01 1e84E=~01 1.82E-01 1479E=01 1.75E-01 1,72E=-01 1.73E-01 1.68E-01 1.56E-01
120 le41E=01 1431E=01 1¢19E=01 1.06E~01 9¢27E=02 8e54E=02 Te83E=02 7+52E-02 5¢89E-02 4e42E=-02
130 3,54E-02 2.73E-02 1019E=02 =5499E«03 ~2,05E=02 =3,24Ea02 =3,63E-02 =~3,52E~02 <3,84E-02 -~2,76E-02
140 ~1e54E=02 =4e54E-03 4420E=03 1.81E=02 S5+01E-02 755E-02 9.45E-02 1.15E-01 1435E-01 1.51E-01
150 1.69t=01 1064E=01 1.63E=01 1.58E=-01 1.54E=01 1459€-01 1.63E-01 1.60E-01 1e62E-01 1.61E-01
160 1,59€-01 1,60E-01 1,62E-01 1.65E-01 1,69E=01 1,74E-01 1,75E=-01 1,75E-01 1.74E-01 1.74E=-01
170 1,75€-01 1,78E-01 1,86E-01 1.92E-01 1.98E~01 2,04E-01 2,10E-01 2.17€-01 2,25E-01 2437E.01
180 2454E-01 2478E=01 2494E=01 3406E-01 3,17E-01 3427E-01 3429€E=-01 3.33E-01 3439€E-01 3.31€-01
190 3,08E-01 2472E-01 2037€E=-01 1.84E=-01 1.32E-01 6431E-02 1.71E~-02 5.87E-03 1.33E-02 1453E-02
200 2,82E~02 1111 11111 ITII1 11111 11111 It 1111t 1111 188831
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THE 53(1) = LOw ENERGY

(9 1 2 3 3 5 6 7 8 9
50 11111 1453E-03 1469E=03 1,69E~03 1e57E-03 1412E~03 T7455E=04 le4lE~04 =4459E~04 <=9485E-04
60 “1e45ba03 =1e85E=03 _2,09E=03 =2434E-03 -2,56E=03 ~2,69E-03 -2,656-03 ~2,49E-03 -2,36E-03 -2,26E-03
70 “2421E=03 =-2429E=03 =2414E=03 =2.19E=03 =2.09E~03 =1¢95E-03 =-1.85E-03 =1,76E~03 =~1474E-03 -1e72E-03
80 ~1e66b=03 =1¢53E-03 <1453E=03 =1,48E~03 =1444E=03 =1453E~03 -1.76E=03 =~1,96E-03 -2,09€E-03 -2,30E-03
Sv ~2e45E=03 =2464E=03 ~2,75E-03 =2,80E-03 =3,03E=03 =3,05E-03 -3,086-03 -3,33E-03 -3,50E-03 -3.,43E-03
100 23436E=03 ~3466E=03 <4,07E=03 =4,19E=03 =~4,07E=03 =64,01E-03 -3,98E-03 ~3,83E-03 -3,59E-03 -3,38E-03
110 234210203 =3414E=03 ~2,93E=03 -2,39E~03 «=1¢96E=03 <1,80E-03 ~1,52E-03 -8,67E~-04 ~1,89E~04 3.98E.04

120 6e73E~04 Ge26L=04 1+36E-03 1,88E£-03 2436E~03 2467E-03 2.96E-03 3,27E-03 3,18E-03 3,20E-03
130 3448E-03 3e64E=03 3449€E-03 3434E-03 3,22E-03 3,21E-03 2.96E=-03 2,40E~03 1.67€-03 1439E-03
140 1.28E=~03 5¢49E=04 =1,53E=04 =6,04E=04 =8,58E=04 =1¢33E-03 <1,83E-03 -2,11E-03 ~2,33E-03 -2,59E-03

150 22¢86E=03 =3400E=03 =3,09F=03 =3¢09E=03 =3¢23E=03 =3¢60E-03 =3.97€-03 =3472E-03 -3+63E-03 =3443E-03
160 ~3413E=03 =2495E=03 =3,03E=03 =2.99E=03 =2,98E-03 =~3,06E-03 =-3,11E-03 -3,12E-03 -3,08E-03 -3,05E-03
170 ~3402E=03 =2496E=03 <=3,11E=03 <=3,22E=03 ~3436E~03 =3,56E-03 =-3,77E-03 =-3,81E~03 =3,96E-03 -4,09E-03
180 =64437E=03 =4eT79E=03 =5,17E=03 =5.89E=03 =6¢93E=03 <=8,08E-03 =8,66E-03 =9,41E-03 =~1,01E-02 =~9.80E-03
190 ~9,00E=03 =8415E-03 <7,61E=03 =6,58E=03 =5,24E-03 =2,83E-03 -9,86E~04 -1,13E-04 3,73E-05 8e64E-05
200 ~1e23E=03 11111 11111 11111 11111 11111 11111 11111 11111 11111

THE S4 (1) = LOw ENERGY

0 1 2 3 4 5 6 7 8 9
50 IIIIT  7409E=05  7.62E-05 6499E=05  5¢53E=05  3.54E-05  2487E-05 2442E-05 2,13E-05 3.23E-05
60 4e34E-05  5¢54E=05  7,15E=05  7.40E-05  7.57E-05 8488E-05 1,07E-04 1,23E-04 1,29E-04 1.33E-06
7 1e32E=06  1424E=04  1429E=04  1431E=04 1432E=04 1¢25E-04  1,23E=04  14,26E=04 1422E=-04 1e19E-0¢
80 1e14E=04  1413E-06  1,11E-04 1,16E=04 1,25E-04 1,20E-04 1,10E-04 1,03E-04 1,03E-04 1,03E-04
90 1603b=04  1401E=04  1,03E=04  1,12E=06 1,11E=04 1¢15E-04 1,18E=04 1,13E-04 1413E-04 1.15E=-06
100 1e156=04  1e14E=04  1407E=04  9¢8lE=05 9+46E=05 1e01E-04 B8.92E=05 7.76E=05 6+69E-05 5¢36E-05
110 4.18E-05 2487E-05 9.86E=D6 1,01E-05 1066E=06 =1,62E-05 =3,24E=05 ~4,96E~05 =5,64E-05 -5,12E-05

120 “5095£=05 =7e94E=05 «B8i96E-05 =9,15E=05 =8+95E=05 =1¢05E=06 =1,22E=04 =1,30€-04 =1,30E-04 =1422E-0¢
130 ~1e12E=04 =1e02E=04 =B+¢7BE=05 <=6e43TE=05 =3,97E=05 =1488E~05 <-8,15E-06 8459E-07 5e24E=-06 1.87E=-05

140 3,49E~05 2434E~05 3,00E-05 4e66E=-05 3.49E=05 3420E-05 3.33E-05 3.92E~05 4427E-05 4.82E-05
150 5450E-05 6+44E-05 6,49E-05 6,90E-05 6,64E-05 6460E-05 7.03E-05 5,76E-05 5419E-05 5¢12E-05
160 4s91E~05 4+83E-05 4488E-05 5416E=05 5,07E~05 4489E-05 4423E-05 3,79E-05 3,99E-05 4¢19E-05
170 4e18E-05 3.96E-05 4e31E=05 4+ TOE=05 S¢18E~05 5¢6TE-05 6410E=05 6460E=-05 6¢55E-05 679E-05
180 T+67E-05 8494E-05 9+20E=-05 9+43E=-05 9.86E=05 le11E-04 1.21E=04 1.28E-04 1e44E=04 1e37E-0¢4
190 1,28E-04 1431E-04 1434E-04 1,13E-04 7.99E-05 6426E-05 5.13E-05 5.90E-05 5420E-05 4.82E-05
200 T.62E=05 1IIT1 11111 11111 11111 11111 11111 11111 11111 11111

THE S5(I) = LOW ENECRGY

o 1 2 3 “ 5 [ 7 8 9
50 TIIT11 ~1454E=06 =1492E=06 =2,27E=06 =2494E=~06 =2489E=06 =2,62E-06 <2,62E-06 <2,72E~06 =2.55E-06
60 w2463E=06 =2081E=06 =2¢B7E=06 =3,67E=06 <=4o44E=06 =4sT70E=06 =5,09E=06 =5,64E-06 =6416E-06 <6,29E-06

70 ~6¢30E=06 ~6¢36E=06 <=5,82E=06 <=5¢30E=06 =5¢38E=06 =5,85E~06 =5,73E=06 <=5,33E-06 =5¢35E=06 =5,26E-06
80 ~5014E=06 =5.12E=06 =5,08E=-06 =5,18E=06 =5¢13E=06 =6¢82E~06 =64¢34E=06 =3,8lE-06 =-3,70E-06 =3467E-06
90 ~3,69C=06 ~3,54E-06 <=3,21E=06 =2,63E~-06 -2,39E-06 0326206 -2,17E-06 -2,05€E-06 -1.61E-06 =~1,13E-06
100 ~8430E-07 ~3.00E-07 4¢33E-07 6.08E-07 1.08E=06 1e66E=-06 1496E=06 2.84E-06 3.78E-06 4¢28E=06

110 4491E=06 5¢85E=06 6421E=06 6498E=06 7+40E=06 Te4lE=06 T7+37€-06 T.16E-06 7.07E=06 Te65E=06
120 T+95E=-06 7.88E-06 Te72E-06 Te32E=-06 7.00E=-06 6423E-06 5.81E-06 5.64E-06 5e63E-06 5.80E=06
130 5¢17E=06 4409E=06 3,72E-06 3.16E-06 2428E=06 1434E=06 1e16E=06 1431E=-06 1,20E=-06 1.09E=-06
140 7470E=07 =1452E~07 <1402E-07 5.92E-07 6489E=07 8.85E-07 1,27E-06 1.38E-06 1.19E-06 9,14E-07
150 T68BE-07 3.97E=-07 Te81E=07 T7+34E-07 4+ T8E=Q7 6447E-07 1.04E-06 1414E-06 8463E-07 1.93E-07

160 =2408E=07 =3427E=07 =1484E~07 =5,59E=08 =1+69E=07 =2612E~07 =2476E=07 =3,39E-07 =6,41E~07 =9465E-07
170 =1005E=06 «1401E=06 =1¢03E=06 <1¢21E~06 <=1¢35E=06 <=1¢39E~06 <1,37E-06 =~1,67E-06 ~1,80E-06 =-1,83E-06
180 =1e67E=06 =1458E=06 <=1e467E=06 =3,36E-07 9.70E-07 1489E-06 2.40E-06 3.33E-06 3,91E-06 3,42E-06
190 2456E=06 le67E=06 1.27E=06 2406E=06 %,03E=06 2¢55E=06 =5,30E=07 =4,07E-06 =-5,26E-06 <=6+27E-06
200 =7¢20E=06 11111 ITII1 11111 11111 11111 11111 11111 11111 11111

ALPHAL= 71427 ALPHA2z 86428 ALPHA3= 81455 ALPHA4= 76457 ALPHASz 8le61l
BETAl=z 7809 BETA2z= 71344 BETA3=z 578,9 BETA4= 56242
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E>1.3 Mev

THE SO(I) = HIGH ENERGY

0

11111
6e77E+02
6e36E+02
6026E+02
6e24E+02
Te45E+02
6e65E+02
6eT3E+02
6098E+02
Te26E+02
1,00E+03
1.00E+03
9e67E+02
9e91E+02
9e74E+02
6e28E+02
3.41E402
leb66E+02
1410E+0)

1
Te65E402
6¢79E402
6e35E+402
6e26E+02
6430E+02
Te27E402
6eb66E+02
6475E402
7.00E+02
7+39E+02
1,02E+03
9.86E+02
9e72E+02
1.00E+03
9+60E+02
6e01E+02
3,20E402
1e56E+02

11111

THE S1(I) = HIGH ENERGY

0

11111
=5¢56E+00
=4¢82E+00
~4¢4B8E+00
~4e14E+00
=1483E£400
«2+49E400
=2446E+00
~2457E400
=2.665+400
~1.86E-01
=2412E-01
=2463E400
=3485E+00
=4e74k+00
=2+20E4+00
=9¢03E-01
~4¢79E-01
1.17E+00

1
-6428E+400
=5458E+00
~4eT9E+00
~4e45E+00
=4414E+00
~1e74E400
«2.46E400
=2e46E+00
~2461E+00
=2453E4+00
~7429E-02
~4e81E=01
«2475E+00
~4411E+00
=4e64E+00
«2.04E+00
~-B8+32E-01
-4422E=01

11111

THE S2(I) = H4IGH ENERGY

]

II111
4412E-02
2444E=-02
2465E=02
2.60E-02
le75€E=02
2425E-02
1461E=-02
le61E=02
1,45E-02
~1431E.03
6.,08E-03
2432E-02
7.77E-03
2.88E-02
4492E-03
1411E-03
1424E-02
3,83E-02

1
3.32E-02
4415E-02
2046E=02
2460E=02
2450E-02
2445E=02
2436E=02
le66E=02
1e67E=02
1.51E-02

=1.48E~03
7.83E-03
2435E=-02
lo18E-02
20.95E-02
7+91E-03
2425E-03
1.30E-02
11111

2
7e42E+02
6.73E402
6e35E+02
6430E+02
6032E402
Te06E+02
6e69E+02
6.79E+02
Te06E+02
Te4TE+02
1,03E+03
9+75E402
9¢75E402
1.01E+03
9¢33E+02
5¢66E+02
3,03E+02
lo45E+02

11111

2
=6420E+00
=5¢50E+00
~4¢T6E+00
=4¢43E+00
~4415E+00
=1458E+00
=2455E+00
=2e44E+00
=2.68E+00
=2438E+00

Te85E-02
~8484E=01
=2.91E+00
-4¢15E+00
=4445E+00
=1478E+00
~7473E-01
=3423E-01

II111

2
4e22E-02
4,00E-02
2,647€E-02
2448E~02
2.77E-02
2456E=02
2422E=02
1e56E=02
1,60E=02
1,59E-02

=1,93E-03
1.34E=02
2,30E=02
1,31E-02
2485E=02
6,55E-03
2423E=-03
1.45E=02
11111

3
T+22E402
6e6TE+02
6e35E+02
6.25E402
6038E+02
6.95E+402
6e74E+02
6,83E+402
7.07E+02
T+68E+02
1,04E4+03
9.64E+02
9.69E+02
1.01E+03
9.08E+02
5¢38E+02
2483E402
1e32E+02

11111

3
=6.02E+00
=5¢48E+00
~4eTOE+00
~4¢30E+00
=4416E+00
=1,75E+00
=2,68E+00
=2+50E+00
=2467E+00
=2431E4+00

2435E-01
=1+16E+00
~2.93E+00
~4e25E+00
=4¢36E+00
~1465E400
=7+21E=01
=2437E=-01

11111

3
4464E-02
4,02E-02
2,42E-02
2437E=02
2,81E-02
3426E=02
2,08E=02
1e76E=02
1e46E=02
1,15E-02

-1,04E-03
1,27E-02
1.96E=02
1,43E-02
2,68E-02
6.20E-03
2,50€-03
1.72E=02

11t

4
T.07E+02
6.66E+402
6e34E+02
6,28E+02
6042E+02
6489E+02
6475E¢02
6484E+02
T.09E+02
T.87E+02
1,04E+03
Fe64E402
9.71E+02
1,01E+03
8e.76E+02
5.08E+02
2,64E402
1.16E+402

11111

4
=5.87E+00
=5448E+00
=4e67E+00
~4+430E+00
-4e12E+00
~1.89E+00
~2.,65E400
-2.52E+00
=2.67E+00
=1494E+00

4¢35E=01
~1458E+00
=3419E+00
=4438E+00
=4,09E+00
=1452E+00
«6487E=01
=1451E=01

11111

4
4+83E=02
3,95E=02
2446E=02
2439E=02
2469E-02
3450E=-02
2403E=02
1.79E=02
1+36E=02
1l,67E~02
3,27E=04
1,51E=-02
1.72E=02
1l.64E=02
2023E=02
4484E=03
2444E=03
1,94E=02

11

100

5
6e97E402
6e58EeC2
6e34EeCs
6423E402
6448E+02
6483E402
6466E+02
6481E+02
Te15E+02
8413E+02
1,04E403
9469E+02
9+6TE+02
1402E+03
8437E+02
4¢TBE«02
2,48E+02
9+83E+01

11111

5
~5.76E400
~5431E400
=4e64E+00
~4¢23E400
=44,03E+00
=1498E+00
=2+46E4+00
=2+46E+00
~2,T1E+00
=1e71E+00

3491E-01
=1+86E+00
=3431E400
~4¢61E+00
~=3,81E+00
=1.37E+00
=6452E-01
=5447E~02

11111

5
4¢83E-02
3.,57E.02
2441E-02
2462E-02
2,44E-02
3432E~02
1e87E=02
1.90E-02
1.50E-02
1,57E-02
1,83E-03
1,75E-02
125E-02
24,23E~02
2004E-02
3,09E-03
3,21E-03
2426E-02

11111

6
6.87E+02
6052E+02
6432E+02
6.26E+02
665E+02
6e79E+02
6e65E+02
6483E+02
Tel4E+02
Bo4TE+02
1,03E+03
9474E+02
9,71E+02
1.02E+03
Te89E+02
4e50E+02
2,30E+02
8412E+01

11111

6
=5.76E400
=5.17E+00
=4463E+00
=4426E+00
=3,98E+00
=2.09E+00
=2,50E400
=2438E+00
=2482E+00
~1436E400

3,60E-01
«2+15E+00
=3,50E400
=4e73E+00
=3,34E+00
=1424E+00
«5,65E=01

2,20E=-01

11111

6
4458E~02
3,08E-02
2.57E-02
2.75E-02
2,00E-02
3,65E-02
1,95E-02
1.72E-02
1432E-02
1,37E-02
6432E-05
2,37E-02
1.17E-02
2,47€-02
1e54E=02
9,76E-04
4¢71E=03
2,71E-02

11111

- 7
6.84E402

6042E402
6e31E«02
6424E«02
6488E+¢02
6e76E402
6468E+02
6486E402
Te18E+02
8,84E+02
1,03E403
9eT6E+02
9.70E+02
1401E+03
Te48Ee02
“e20E«02
2,11E402
6e27E+01

1111

7
=5¢69E4+00
=4495E400
~4e57E400
=4424E400
~3.78E+00
=2425E400
«2453E400
=2440E+00
=2483E400
=9423E-01

1,93E-01
=2426E400
=3,54E400
=4eT6E+00
~2490E+00
=1le14E+00
~5455E=01

5431E-01

11111

7
4443E-02
2,55E.02
2,44E=02
2,91E=02
1.08E-02
3438E-02
2415E=02
1e56E=02
1,48E-02
1.54E-02
2452E.03
2,71E-02
9.27€-03
2,72E02
1e13E-02
1,75E-03
7456E-03
3.21E-02

199881

8
6480E+02
6e42E+02
6e27E+02
6423E402
T+07E+02
6e76E+02
6eT72E402
6492E+02
Te24E+02
9¢25E+02
1,02E403
9. 77E+02
9e77E+02
9+94E+02
7+09E«02
3.92E+02
1.96E+02
4e72E«01

11111

8
=5064E400
=4490E+00
~4¢49E+00
=4423E4+00
=3432E400
=2432E+00
=2449E400
=2445E+00
=2+88E+00
«5091E=01

9420E-02
~2436E+00
«34,67E«00
=4¢TOE+00
=2472E+00
=1,01E400
«5.79E-0]

7.73E=01

11111

8
4941E=02
2,40E.02
2453E-02
2,94E-02
1435E-03
3427E-02
2401E-02
1e42E=02
1449E=02
1,03E-02
1,46E-04
2,51E-02
1,03E-02
2,78E-02
9631E.03

~4481E-05
8462E-03
3,40E-02
11111

9
6e79E+02
6e41E402
6e22E+02
6025E402
Te39E+02
6470E+02
6eT73E+02
6094E+02
Te21E+02
9462E4+02
1,01E403
9.71E+02
9+88E+02
9+89E+02
6e61E+02
3466E402
le79E402
246TE4O]

Il

9
=5460E400
~4489E+00
=4¢43E400
=4¢20E4+00
=2423E400
=2455E400
=2452E400
=2+48E400
=2478E+00
=3476E=01
=5441E=02
«2458E400
«80E+00
«4474E+00
=2450E400
«9.78E=01
~5¢53E-01

9.78E-01

11111

9
4¢27E-02
2,44E202
2,55E.02
2483E-02
9.89E=03
2,87E-02
2406E=02
1e34E<02
1.31E.02
4.92E-03
3,76E-03
2,42E-02
8,74E-03
2,58E.02
6.78E-03
6,92E-04
le11E=02
3,67E-02

11111


http://adsabs.harvard.edu/abs/1970SAOSR.318.....P

FT970SACSRI3IB. -0 PO

THE S3(I) = 4I1GH ENEKGY

[ 1 2 3 4 S 6 7 8 9
50 IIIIT  -1413E=03 <1,276-03 =]1,42E=03 <~1,52E«03 -1,53E-03 ~1455€-03 ~1,50E-03 -1,52:5-03 -1,50E-03
60 <1447E-03 ~1.46E-03 <-1,39E~03 =],39E=03 -1,31E-03 =1,17E-03 =9¢15E-04 <7,62E-04 =B8,22E-04 =-8417E-04
70 ~7e82E~04 =7¢58t=04 ~7,90E=04 «B,24E=046 =7,93E=04 «Te53E-04 <7,43E-04 o7,07E-04 ~8,29E~04 -7,88E~04
80 =T7468E=064 <7471E<064 =7,58E=04 <8.,05E=04 =7.98E~06 =B8,88E-04 ~8450E-04 «B8,79E-04 =8439E-04 <=8,83E-04
90 =T7e8lE~(4 ~T7,RBE-04 ~7,99E-04 =7,24E-04 «6,25E-04 «5,08E~04 ~4,62E-04 e06E=04 -5,93E.06 =b6486E-04
100 =~6092E-04 -Beb9IE-04 ~6,28E-04 =~4,50E=04 ~4s00E=04 =3008E-04 <2,74E-04 =2,82E-04 =2491E-04 =3439E-04
110 =3e39E=04 =3,07C=04 <3462F=04 =3,89E-04 =3,73E~04 =3040E~04 -3,88E-04 <4,68E~04 =64,19E-04 =4,51E~06
120 =2e58E=04 =2444E-04 «2423E=04 =3,06E-04 =3,33E=06 =4902E<04 =3,40E-04 =2,59E-06 =2,26E-04 =1¢16E=04

130 =1628E206  -1,23E-04 -6,56E=05 -6,01E-05 ~3,62E-05 3,89E-06 B420E-06 -2,54E-06 -3,37€-05 <1,18E-04
140 =5e37E<05 -1431E~04 <2,32E=04 =1,11E=06 =6434E~05 =B,0BE-05 -8.74E-05 -4.13E-05 4eT6E-06 1403E-04

150 1e23t-04 1e05E=04 <9,70E=06 =8485E~05 =2418E=04 =1,03E-04 =2¢57E=064 <2,39E=04 <2,19E-04 =1¢72E-04
160 =1408E-04 -1,33E-04 ~1,956-06 =2,11E-04 -2,82E=04 <4,78E-04 =6043E=04 -6,14E-04 =6,97E-04 =6,82E-04
170 =7623E-04  ~7,60£-06 ~7,31E~04 -7,11E~046 =7.63E~04 -8,05E-04 =Be04E~04 -8,08E=04 ~T43BE-04 «b6¢34E-04
180 =6s75E=04 =5,83£=04 -5,87E~04 =5,46E=04 <=5,5TE=04 =&,32E-04 ~3429E~04 =3,81E~04 =3,57E-04 =~4,06E-04
190 ~4eB0E-04 =3,73E-06 ~1,82E=04 =1,75E=04 =1¢55€=04 =1,12E-04 1413E-06 le26E-04 9+37E-05 1499E-04
200 3,11e-04 3,20E-04 2,52E-04 3,04E-04 3,35E-04 3,23E~04 3,23E-04 3,51E-04 3,65E-04 4422E-04
210 “e13L=04 4438E=04 4e31E=04 3,81E=04 3,46E=064 3456E-04 3,31E-0¢4 3.53E-04 4+30E-04 4e91E=04
220 5416E=04 5449E=04 5429E~04 5407E-04 4494E=04 4482E-04 4460E-04 4,83E-04 4495E-0¢4 4e91E-04

230 5e56E=04 IIr: 11111 11111 11111 11111 11111 11111 111t I
ALPHAL= 1765 ALPHA2= 21346 ALPHA3= 191.8 BETAL=2204e3 BETA2:1469.0
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