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ABSTRACT
A new, lightweight cosmic-ray electron energy
spectrometer has been designed for use on deep space missions.

The Electron Telescope (TET) uses the QE-range technique,

dx
and covers the energy interval from 5 to 120 MeV. It has
adequate energy resolution and radiation-background (e g,
proton and gamma ray) rejection to provide meaningful measure-
ments over the full range of electron intensities expected on
a deep space mission. Its small weight (~0.6 kg) makes it
ideally suited for weight-restricted missions where a conven-
tional eiectron telescope would be considered too heavy.

We discuss briefly the scientific goals of cosmic-
ray electron studies in interﬂtellaf space and the design
constraints unique to this type of mission., We have performed
model calculations to analyze TET's expected performances
These calculations depend on electron range and scattering
parémeters. some of which we have measured in specifiic accel-
erator experiments. Background effects due to cosmin-ray
protons and spacecraft gamma rays were evaluated through two
Monte Carlo calculations. These results are used to optimize
the telescope parameters and to demdnstrate TET's suitability

for exploratory electron studies on a deep space mission.
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I. INTROOUCGTION

The study of galactic cosmic-ray electrons is an
important scientific objective for deep space missions. Yet
the first of such spacecraft, the present Pioneers 10 and 11,
carry no experiment to measure the electron spectrum. One of
the major obstacles to the inclusion of such an experiment
was that a conventional electron detegtor would have taken
a disproportionately large share of the total scientific
payload. In this thesis, we describe the features of a new,
lightweight electron energy-spectrometer telescope for the
interval from 5 to 120 MeV. The Electron Telescope ('I'ET)
weighs about 0.6 kg -- a factor of ten improvement in weight
ovér many previous telescopes -- and is made possible partially
through recent advances in solid-state detector technology.
TET is a %% -range telescope with energy resolution and
background (proton and gamma ray) rejection comparable to
exigsting electron telescopes. The %% -range method has been
used previously to detect cosmic-ray electrons (Meyer and
Vogt, 1961, 1962), but TEY represents a significant improve-
ment over such instruments. It is well-suited for deep-space

missions such as the Mariner Jupiter-Saturn mission (MJIs)

in 1977.



II. SCLENTIFIC GOALS OF
DEEP SPACE ELECTRON STUDIES

A comprehensive discussion of the astrophysical
significance of cosmic-ray electrons is beyond the scope
of this paper. (For recent review articles, see Meyer, 1969,
1971, and Webber 1968,) However, we shall review some basic
facts and point specifically to some problems which lend
themselves to a deep space investigation.

The highest priority goal of a deep space electron
experiment is the measurement of the local interstellar
electron energy spectrum. In partiéular. we‘discuss the
reasons why a deep space mission is necessary for such measure-
ments. We describe briefly how a knowlege of the galactic
electron spectrum can be combined with radio astronomy data
to investigate the interstellar medium. Finally, although
it is a less fundamental topic, the use of cosmic-ray electrons
as probes of the interplanetary medium will be briefly

discussed.



A, Galactic Ele n Spectrum

Electrons form only about 1% of the total cosmic-
ray flux near Earth, the most abundant components being prbtons
and helium nuclei. Both positrons and negatrons are foundj
the e*/e” ratio is energy-dependent and varies from ~0.4
near 100 MeV to ~0.,1 above 2 GeV (Beuerman et al., 1969;
Fanselow et al., 1969; Cummings, 1973). The quiet-time (non-
solar) electron spectrum near earth has been measured with
somé precision since 1965, Similar to the proton and helium
spectra, it is found to vary with the 11-#ear solar cycle,
with times 6f high solar activity being times of low cosmic-
ray intensity. Spectra representing one half of a solar
cycle are shown in Figure II-1. The mechanism of this solar
modulation is discussed in section II.C. However, some gross
features are obvious from the figure. The high-energy spectrum
(> few GeV) undergoes little change from year to year, and
it is believed to be representative of the interstellar
spectrum. On the other hand, the spectrum near 100 MeV changes
by almost a factor of 100. In addition, solar modulation
studies indicate that the interstellar spectrum at 100 MeV may
be a factor of 10-100 larger than even the 1965 near-Earth
spectrum (Cummings, 1973). Near-Earth measurements are insuf-
ficient to determine the interstellar spectrum below a few
hundred MeV. Only measurements outside the solar modulation
region, estimated to have a radius of 6-25 AU (Cummings,1973),

can provide this information.



The total cosmic ray flux, of which cosmic=ray
electrons are a part, plays an important role in the dynamics
of the galaxy. Measurements of the energy spectra of the
various components of the cosmic rays bear on topics such as
the energy balaﬁce of the galaxy, the heating of the inter=-
stellar gas clouds, and the diffuse X-vay background. In
addition, measurements of the electron spectrum can be combined
with radio astronomy measurements to investirate the inter-.

stellar medium (section II-B).



B. Electrong and Non-thermal Radio Emigsion

Electrons are unique among cosmic rays since they
are élmost the sole cause of the galactic non-thermal radio
emission. This radiation is our only means of observing
cosmic rays in distant part of the galaxy. The galactic
radio emission consists of discrete sources (e.g., super-
novae) superimposed on a diffuse background. Both types
of emission are mainly synchrotron radiation. Since the
rate of radiation is proportional to m= (m = particle masgs),
the radiation from electrons completely dominates that from
protons even though cosmic-ray protons are much more numerous.
1. Diffuse Background

Assuming an interstellar cosmic=-ray electron

-¥ (E = kinetic energy), Ginzburg and

spectrum %}%OCE
Syrovatskii (1964) derive the frequency spectrum of its
synchrotron radiation (Eﬂ) -(ﬁﬂ)
R A R (11-1)

where V' is the frequency of the radiation, and B; ia the
magnetic field perpendicular to the line-of-sight. If we

make some crude assumptions -~ that the electron spectrum is
constant along the line-of-sight, that the magnetic field is
relatively constant, and that there is no absorbtion -- we

can use radio astronomy measurements (Figure II-2) directly

to find ¥ for the galactic electron spectrum. For frequencies

2200 MHz (corresponding to E 2 2 GeV), the radio data are

consistent with an electron spectrum with ¥y =&2.5, which



agrees with the directly observed spectrum. At lower fre-
quencies (3 MHz £ y~< 200 MHz), the data correspond to a ¥
of about 1.8, Finally, at frequencies below 3 MHz, the radio
spectrum turns over completely. It is commonly assumed thét
this turnover is not due to a change in the electron spectrum,
but rather to the presence of free-free absorbtion by the
interstellar hydrogen. Detailed mddela of the structure of
the interstellar medium have been advanced to explain the
behavior of the low-frequency radio spectrum, based on the
assumption that the electron spectrum continues to low energiés
with no change in slope (Goldstein et al., 1970) . Cummings
(1973) has shown that a wide range of electron spectra can
account for the radio data if the proper models of the inter-
stellar medium are used. His analysis shows that a measure-
ment of the electron spectrum at energies near 100 MeV coﬁld
further limit the ranges of possihle values for such parameters
of the interatellap medium as temperature, density, magnetic
field strength, etc.
2, Discrete Sources

The majority of diccrete sources of synchrotron
radio emission in the galaxy are supernovae remnants such
as the Crab Nebula. Enerey considerations alone indicate
that supernovae are the most likely candidates as the domin-
ate sources.of the cosmic rays. The discovery of synchrotron
radiation from supernovae remnants confirms the presence of

relalivistic electrona and lends additional support to this



belief,

Equation II-1 can be used to determine the slope
of the electron spectra within the sources, noting that the
magnetic fields in supernovae remnants are somewhat stronger
than the general galactic field. This method gives electron
spectra for different sources with J's ranging from ~1.5
to ~3,0, but clustered near 2.0 (Ginzburg and Syrovatskii,
1964), The comparison of these source mpectra with measure-
ments of the local interstellar spectrum promises to give
further insight into the transport of cosmic rays in inter-

stellar space.



Coe 1 etary Medium S

The inner solar system is dominated by the solar
wind, The solar wind is a highly rarified, electrically
neutral plasma which moves radially from the sun at super-
sonic speed. It contains an irregular, "frozen-in" magnetic
field‘of solar origin. This magnetic field provides the
primary means through which the solar wind interacts with
cosmic rays.

The basic interactions of the cosmic rays with the
solar wind are at least qualitatively understood (Jokipii,
1971). The solar wind sweeps the galactic cosmic rays from
the inner solar system (convection). This action produces a
density gradient which causes an inward diffusion. Since
the solar wind is expanding, the cosmic rays lose energy
analogous to the adiabatic cooling of an expanding gas. These

features are described by a Fokkerig;inck eguation

%‘-: F-(Kn) - V-(nV) + .V—;-‘f '(—;)-[_:(“Eﬂ)] (11-2)
where n is the cosmic-ray density as a function of position
and kinetic energy l:.._,Kg is the diffusion tensor as a function
of position, particle velocity, and magnetic rigidity, ? is
the solar wind velocity, and & = (E + 2m)/(E + m). The terms
on the right represent diffusion, convection and adiabatic
deceleration, respectively. The major obstacles fto a complete
solution of this equation are the lack of knowlege of K

and of the proper boundary conditions.

Cummings (19773) has discussed the importance of



electrons insolar modulation studies. In general; adiabatic
deceleration is smaller for electrons than for protons. We
can éee this fact qualitatively by noticing that 2 1 for
electrons D few MeV. In addition, the use of radio astronomy
data to infer an interstellar electron spectrum provides a
set of boundary conditions to be met at the outer edge of the
nodulatinn-region;

Electron measurements on a deep space mission would
advarnce these ctudies in two major ways. First, they would
provide ar improved knowlege of the interstellar apectrum
to be used as the ouber boundary conlition. Second, studies
of the eleatron spectrum as a function of distance from the sun
should nroduce information about the radial dependence of the
di ffusion coefficients Although not the prime objiective of
a deep epnce cogmic—fay electron experiment, such studies

would bhe of great value,
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III. ELECTRON TELESCOPE DESIGN CONSIDERATIONS

A number of scientific and/or technical consider-
ations enter into the design of a deteétor system. In this
section, we discuss the constraints which affect our design
and alternative approaches to the problem of electron measure-
ments. For specific details we shall use the Mariner Jupiter-
Saturn missions (MJS) as typical of a deep space experimental
situation. We begin by descibing three types of electron
detectors used by other investigators in order to determine

the state of the art in electron measurements.
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A. Measurement 'echnigues

1. %%-—Range Telescope

Historically, the %%-range telescope used by Meyer
and Vogt (1961, 1962) was the first counter experiment to
detect primary cosmic-ray electrons. This device (Figure
{I1-1a) used a Nal counter (counter I) to make a %% measure-
ment, and a series of plastic scintillators to determine the
particle range in a stack of lead absorbers. A plastic anti-
coincidence shield was used to detect particles which enter
or leave the telescope from the side. The total thickness
of lead was 122 g/cmz. which corresponds to a nominal maximum
energy of 1300 MeV for electrons. Electrons were identified
by their minimum-ionizing energy loss in counfer 1 and a
range less than the depth of the absorber stack. Proton of
energy high enough to give a minimum-ionizing energy loss
have an average much longer than the stack depth. Thelinstru-
"ment was originally designed for éosmic-ray nuclei meéﬁurements
rather than for electrons; however, it does surprisiﬁgly ﬁe]l
compared with detectors optimized specifically for electrons.
Near 40 MeV, the telescope's energy resolution was ~200%,
but it improved to ~50% above 600 MeV (Meyer and Vogt, 1962).
Large background corrections were necessary, which led to
uncertainties in the electron flux of about a factor of two.
This background arose primarily ffom high-energy protons

which underwent nuclear interactions in the lead absorbers,

resulting in a shortened range.



2 %%'-E Telescope _

Investigators at the Goddard Space Flight Center
used the %%-E technique in their experiments on a series of
P satel]ites.‘ This instrument (Figure III-1b) measured %%
in a thin CsI counter and the residual energy in a thicker
Csl counter (the E counter). A plastic scintillator cup
surrounded the E counter to detect and reject penetrating
particles. Electrons were identified by a minimum—ionizing
energy loss in the thin counter and a range less than the depth
of theE counter. The nominal energy range of this telescope
was 2.7-21.5 MeV. The energy resolution was better than that
of Meyer and Vogt's telescope, ranging from ~15-35%, However,
similar to the %%-—range telescope, a large background
correction was necessary. In this instrument, the background
arose from two sources -- gamma rays, which are a significant
problem only in low energy electron measurements (< few MeV),
and interacting protons. Part of the success of this instru-
ment was due to the fact that the electron flux over its energy
range is relatively high (see Figure 1I-1), making background
corrections less important.
Je '(di%_ - B = Cerenkov Telescope

Another successful device was the University of
Chicago 0GO-5 electron telescope, shown in Figure 1II-ic
(L'Heureux et al., 1972). Similar to the Goddard instrument,

this telescope performed an energy loss measurement (in the

solid-state detector) and a residual energy measurement (in
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the large CsI counter). The major improvement was the use of
a gas Cerenkov counter to provide a velocity threshold. This
device produced a considerable reduction in the interacting-
proton background since only protons > 16 GeV could trigger

the Cerenkov counter. Even so, the investigators were forced
to make background corrections as large as 35%. The energy
resolution of the instrument was about 50%. The lower resolu-
tion, compared to the Goddard telescope, was due to the
increasing production of gamma rays which escape the telescope
as the primary electron energy increases. This telescope
covered an energy range from 10 to 200 MeV, and weighed

about 5.5 kg



14

B, Mission-imposed Constraints

The MJS missions consist of two identical space-

craft launched a few months apart on trajectories which include
close approaches of Jupiter and Saturn. Time of travel to
Saturn is about four years, and it is expected that the space=-
craft will continue to function for a considerable time past
the Saturn encounters. MJS launch will take place in 19??,
when solar conditions and coemic ray levels should be similar
to those in 1965.

One of the more stringent restrictions placed on
experiments by the MJS missions is that of weipght. The total
scientific payload is only about 70 kg, over half of which is
devoted to TV equipment. Because of the large number of
interesting studies which can be made on such a mission
(including planetary studies, and interplanetary and inter-
stellar medium studies), access to nayload space is difficult.
The scientific worth of an experiment must be weighed against
its demands on spacecraft weight and power. Clearly, the |
smaller these demands are, the more probable an experiment's
selection becomes.,

A less important restriction is imposed by MJS
concerning low energy electron measurements., Spacecraft power
is provided by radioisotope thermoelectric generators (RTG)
which produce a large flux of gamma rays. The spectrum for
these gamma rays rises sharply below 3 MeV, and makes cosmic-

ray electron measurements in that low energy region impossible,
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C. Summary

From the discussion in this section and in section
II, we draw the following conclusions relevant to the desipgn
of a deep space electron detector:

1) 'The scientifically inferesting energy region

is that below 1 GeV, with a particular emphasis

on the region below 200 MeV.

2) Electron studies below ~3 MeV are rendered

impossible by gzamma back/iround from the spacecraft.

3) Because these are exploratory measurements

rather than refinements of earlier studies, an

energy resolution comparable to previous instru-

ments (30-100%) is acceptable,

4) Background corrections as large as 30-160%

are not uncommon, and cause tolerable uncertainties

in these measurements.

5) The weight of the instrument is a crucial factor,

A significant decrease in weight compared to con-

ventional detector systems results in improved

chances for inclusion on the mission.
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IV, TET DESIGN

In this section we describe The Electron Telescope
(TET), a new detector which we have designed to satisfy the
requirements outlined in section ITI. TET is a %%-range
teiescope which uses solid-state detectors to conserve weight,
A functional schematic cross-section of TET is shown in Figure
.IV-la. The central portion of the telescope consists of two
detectors to make a double %% measurement and a range spectro-
meter to determine particle energy; An anticoincidence shield
made of a grid of solid-state detectors surrounds the telescope.
~This shield serves the same purpose as the plastic scintillator
shields on each of the telescopes described in section 111,
namely, to detect particles which enter or leave the telescope
from the side. The acceptance ang]e-for the telescope is
determined by the first detector and the anticoincidence shield.

The detectors used in TET have two independent
active areas -- a central circular area and an annulus --
separated by a groove cut into one surface (Figure IV-1b).
These detectors are Li-drifted silicon detectors with a nom-
inal thickness of 1.5 mm. The central areas are used for the
range spectrometer portion of the telescopes they determine
the particles penetration into a stack of tungsten absorbers.
The rings are operated in anticoincidence to Torm the fuard

shield. A scale drawing of this arrangement is shown in

Figure IV-1c.
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Figure IV-1c also shows the important parameters
in TET's design. These parameters are:

a) The absorber thicknesses,A;

The Ai's determine TET's energy range and, in

part, its energy resolution.

b) The detector radii, r and r,

These parameters are important primarily wifh regard

to detection efficiency and radiation hackeround

(e.g., proton) rejection. The radius of the detector

disk, r, is limited by current manufacturing teche~ .

niques to a maximum of about 2 cm.

A simplified version of the TET electronics is shown

in Figure IV-1d. The basic coincidence requirement for event
readout is DlDZDjﬁﬁa*. The D1D2D3 requirement defines the
minimum energy accepted by TET; the D8G coincidence requires
that the particle stop in the telescope. A complete event
readout would contain the energy losses in D1 and D2, and a
listing of which detectors had been triggered. Ilectrons are
identified by their minimum-ionizing energy losses, and their
energy is determined by their penetration in the absorber

stack.,

A bar above a logic symbol denotes the logical complement,
i.e., DB = "not D8".
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A+ Relationship of Count ates to the Eleéctron Spectrum
The quantity which we wish to measure is the
aJd
differential electron energy spectrum EEQ- The data returned

by TET, on the other hand, consists of a set of counting rates

Ni' the rate of DiD2,..DiDi+1..,D8G coincidences with minimum=-
ionizing energy losses in counters D1 and D2, We can write

N: = C

i " Bi

i
where C; is the counting rate due to electrons and Bi ig the
counting rate due to radiation background (e.g., protons and
gamma rays). At this point we shall ignore the radiation
background; it is discussed in sections IV.F and IV.H. |

'The Ci are given in terms of the differential

electron spectrum by
C; = %%—Q P (e;E)? R/(E) Afl, dE (Iv-1)
i mt & i i

where Pm(e;E)2 is the probability that an electron of kinetic
energy E has minimum-ionizing energy losses in D1 and D2 (this
definition is discussed in section IV.C), R:(E) is the proba-
bility that an electron of energy L triggers detectors D1
through Di (and no more) without triggering the guard rings,
and AQ}; is a geometrical factor. The AQl;'s have a weak energy
dependence which we shall ignore. If we assume that an
electrors actual range and its probability of triggering an
anticoincidence ring are independent, the R{TE)'s'are the
product of two factors

R{(E) = €(L) Ry(E) (1v-2)
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where €(E) is the probability that an electron of enerey E
will not tripger the guard rines, fndependent of i, and Ri(E)
is the probability of trisgering detectors D1...Di. We sghall
call €(t) the electron detection pfficfency and Hi(E) the
ith.response'funotion. The validity of this assumption is

discussed in the next section.
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B. Detection Efficiency Factor and Response Functions

In thessection, we shall show that the assumption
made in section IV.A -- that the electron detection efficiency
depends only on the initial energy of the electron and not on
its actual range =-- is‘a reasonable assumption. For this pur-
pose, we use data from elrctron calibrations of the Caltech
Pote range telescope,

I'ne Pe range telescope has been described in detail
by Garrard (1972). It i= based on the %5-range technique.
The telescope (Figure IV-2) consists of a stack of seven
solid-state detectors (D1 through D7) and five tungsten absorbers,
surrounded by a plastic scintillator cup D8, Electron events
are classified Eased on their range as D2i events, defined as
‘a D2D3,..DiDi+1...D7 coincidence, and as either D8 or D8
events. The calibrations were made in December 1966 at the
Caltech Synchrotron between 100 and 800 eV,

Data from Lheme calibrations sre shown in Figure
IV-3. Figure 1V-3a shows the fraction of all D& eleétron
events which had a D2i raneze, as a function of energy. Figure
IV-3b shows the same distribution for D8 events. A comparison
of the curves from these lwo graphs (Figure IV-3c¢) shows that
they differ by no more than the statistical uncertainty in
the individual data pointa. The probability of an electron
triggering the the anticoincidence cap ia independent of its
range over thia energy intervaly it depends only upon the

initinl clectron energy ard Lhe peomolry. The verification
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of the assumption expressed by equation LV-2 between 100 and
800 MeV gives us reasonable confidence that it is at least

approximately true at energies below 100 MeV,



. bouble 3 Meagurement

The energy loss of charged particles in matter is
well-known. However, we shall review the subject briefly in
the context of separating electrons from protons. Most of the
results quoted here are from a computer program, CROSS (Garrard,
1972) . CROSS uses the method developed by Symon (1948) to
calculate the distribution of enefgy losses for particles of
a given energy in a solid-state detector. Its accuracy has
been'verified by comparison with Bxe calibration data.

A typical energy-loss distribution for elecirons
in a solid-state delector is shown iﬁ Figure 1V-k, To iden-
tify elecirons in a single encrgy loss measurement, we clasnify
all particles with an enerygy loss less then some Lk, as being
"minimum-ionizing". Since the enerpy-loss distribution has a
finite width, a particle of type i and kinetic énergy K has
a probability of being minimum-ionizing P (ijE). To obtain
the maximum separation of protons from electfons in a Adouble
%% measurement we should require that both energy losses be
less than ak . For near-minimum-ionizing particles, the two
energy losses are independent, that is, the the probability
of being “"minimum-ionizin~" in a double measurement is
[Pm(x;'r'lﬂ 2«

For electrons greater than about 1 MeV, we have

Po(eyE) = constant = F (e).
In our calculations we have chosen AE, such that Pm(e) is 0.8,

This AE, is marked in Figure IV-4, To demonstrate the
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~eparation of electrons from protonsz, and tn show *the improve-
m_enf. of a double energy-loss measurement over a «ingle one,

we have plotted Py (p;E)/P, (e) and Pm(p;E)z/P,n(e)?‘ in Fifure
IV-5,
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U, K)ectron Range Distributions

The response functions K;(E) were defined as the
fraction of electrons with energy K which stop in absorber.ﬂi.
A detailed knowlege of the range distribution of electrons as
a function of energy would allow us to calculate the response
functions for any trial telescope. We have used the results
of two experimenfs to determine these distributions.

1. Erperiment Descriptinn

The data from the be range teleﬂﬁope calibrations
shown earlier in Figure IV-3 were used to determine detailed
range distributions for electrons in the energy interval from
100 to 800 MeV. We have reanalyzed these data specifically
for this purpose. '

To determine the range distributions for electrons
below 100 MeV, we performed an experiment nt the Naval Research
taboratory linear accelerator (NRL) in July 1972. The
calibration telescope (Figure A-1) was very similar 1o the
anticipated TET, (Aside from the absence of the anticoinci-
dence shield, the major difference was the uue of tﬁo sizes
of detectors, which was dictated by their availability.)
Calibrations were performed at 19 different enersies between
6 and 70 MeV. Further detnils are piven in Appendix A.

2. Resultg

The data trom theze two sources are displayved in

Figure 1V=6. The curves represent the traction of electrons

ol pach encrpy which have @ ranpge shorter Lhan s griven value.
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One important feature of these curves is the largre amount
ol range st;ggling which occurs.

To show the range-energy relationship more clearly,
we have ﬁlntted the median range versus energy in Figure IV-7,
The error bars represent the width of the ranse distribution
(one "standard deviation"); 16% of the electrons have ranges
greater than the upper end of the error bar and 16% have
ranges less than the lower end. The solid curve is the electron
pathlength as calculated by Berger and Seltzer (1964). Our
data do not contradict their results, since in fact pathlength
{total distance of travel along the particles trajectory) and
range (depth of penetration of the particle and ensuing
nhower) are two different quantities. Hnwavef. the distination
is not always made in the literature, and sometimes tahles of
pathlength have been used when range tables were actually
needed., Figure IV-7 shows that the two quantities may be

quite different.
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£, Detection Efficiency and Scattering

The detection efficiency €(E) is important prim-
arily because of its role in determining the electron counting
rates C;. An €<1 increases the importance of the radiation
background. If ¢ gets very small, the background may even
dominate the Ci' The main source of an €41 is electrons which
scatter out of the central portion of the telemscope and trigger
the guafd rings. In TET's cylindrical geometry, we expect
that the detection efficiency is most stongly dependent on
E and r,, with € increasing with increasing P and decreasing
with increasing E.
1. Experimeht Description

The construction of a prototype TET complete with
suard rings was not practical at this time, and it was even
more impractical to construct severalprototypes in order to

determine the dependence of € on Ceo We instead chore to make

(]
these measurements with a plastic scintillator cup replacing
the anticoincidence rings. Since the rings cover almost as
much solid angle as a cup (viewed from inside the telescope),
the detection efficiency measured in this way is represehtative
of the values with the actual anticoincidence rings.

As with the range distributions, the P&e calibration
data were reanalyzed to determine the detection efficiency of
the ranpe telescope for energies between 100 and H00 MeV. "To

measure the efficiency at lower enerpgien and 1o investigate

the dependence on T, we performed an experiment in April 1973



at the linear electron accelerator at Gulf Energy and Environ-
mental Systems (GEES), San Diego.

.The GEES experiment (Ffigure B-1) consisted of a
passive scétterer surrounded by a plastic scintillator cup.
The scatterers were built to simulate the detector-absorber
stack of a trial telescope. Two flat counters followed by
a hole counter were used to count the number nf electrons
incident on the scatterer, while the cup counted the number
which.scattered out the side of the scatterer. We present
data from three energies and two scatterer radii. A more
detailed description of this experiment is ziven in Appendix B,
7 e Resﬁlta

The Pxe data are presented in Figure 1V-8, For
the Pole rance telescope, the detection efficiency is piven
At each energy by the number of D8 (Pxte D8 = the cup) events
divided by the total number of events. One important feature
of the graph is the rate at which the detection efficiency
fall with increasing energy. Figure IV-9 shows the efficiency
deduced from the GEES data. The low energy Pxe data points
are also shown to demonstrate the peneral consistency of the
two experiments. The.dnta in these two figures provide us
with the necessary information about the dependence of € on

r, and E,
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F. Radiation Background Calculations

The most important sources bf radiation background
in TET are interacting protons. For purposes of calculating
expected background levels, we have divided the interacting
- protons into the two classes illustrated in Figure IV;10. The
first class (particle a) contains minimum-ionizing protons
inﬁident on the front of the telescope which interact to produce
o shortened range. If no guard ring is triggered by one of the
secondary particles, such an event is indistinguishable from
an electron event. The second class is made up of protons
incident on the side of the telescoﬁe (particle b). These
protons may interact and send a minimum-ionizing pion thfough
detectors D1 and D2. This type of event is also indistinguish-
able from an electron event.
1. Method of calculation

Ve write Bi' the rate of proton-indﬁced V1D2...DiG
events, as the sum of two termst Bfi' the background due to

protons incident on the front of TET, and Bs the background

il
due to side~incident protons. We define Pfi(E) to be the
probability that a proton of kinetic energy E incident on the
front of the telescope will interact and give a D1..,DiG

coincidence. Then

| aJ . . 2
Bpy = j B2 Pei(E) P (psE)” Ay, dE (IV-3)

where %%P is the differential proton flux, and the Aﬂri‘ﬁ are

aooetl of peometry factors. 1 we similarly define Psi(ﬁ)
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as the probability that a side-incident proton will produce

a UVl...DiG coincidence, we can write

_ dJ ; .
Byy = IEE—P P (E) Al dE (IV-b)

where the Aﬂqi's are another set of geometry factors.
Of the above functions, only Pes(E) and Psi(ﬂ) are
unknown. The function Pm(p;E)2 is given in Figure IV-5, For

99p we have used the 1967 spectrum given by Garrard (1972).

dk
The zeometry factors are easily calculated for any set of
telescope parameters.
2e PLINT and STACGK

Two similar computer programs were used o nalcu]#te
Poo and Py == FLIND for P and STACK for Poi+ Both programs
perform Monte Carlo calculations to simulate the proton inter=-
actions. They use measured and/or calculated nuclear crogs-
sections from a number of sources. FLINT has been described
previously (Garrard, 1972). 1t was originally uced with the
Pote range telescope. and has been extensively compared with
directl Pete caiibration.on proton beams, where it was tound
in food arreement. STACK was written especially for this
project. 1t is described in detail in Appendix C.
3. Results

The results of these calculations are shown in
Figures 1V-11 and LV-12, The 17iv:i i e whowe representative
Pri(m} for the final telescope. 'l'he error bars reopresent

the atatintical uncertainties in +the Monte Cavlo calenlation.
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Figure IV-12 chows some representative ij(ﬂ)'ﬂ caleulated
for tbe final 18T absorber thickrnesses neing dilrforent valnes
of r .. Once these functions nre known, it is a cimpla matter
to numeri~nlly interrrte equations TV-3 and TVl to find the
nroton background eountine rates,

These couhtfng rotes are not simple functiones of
the telescope parameters. Changes ir the detector vradii, r
nnd r., affect the completeness of the anticnincidence shield

di: fferently for the B and B

31

£ « Secondaries from type A

interactions (Figure IV-10) are peaked in the forward direction,

[

i.e., normal to the plane of the suard rings, whereas second-
aries from type b interactions tend to travel parallel to the
planes of the guard riners. Furthermore, chanees in r and L™
affeet both the entrance of type b protons and the exit of

the secondaries, while type a interactions nare affected only
through the exit of secondary particles. Thua, the B,; display
a atrong dependence on r and B (figure TV-12), while the

Bypy are only mildly affected. The dependence of the background
nn the absorber thicknesses is also complicated. Bfi is
approximately proportional to A, (within about 30%); hnwever,

there is also some deopendence on Aj<i' The Bgibehave quali-

tatively in the same wayv as long as A; < 2(r-rc).
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G. Selection of TET parameters

A major task in designine TET was '‘he selection of
+he—seleetion—ef the values for the absorber thicknesses,Aj
and the detector radii r and ro. We made complete mndel
calculations for nine different telescopes before achieving
_optimization of all parameters.

1. Absorber thicknesses

Our choice for the overall length of the TET absorber
stack was proverned primarily by considerations of the back-
rround levels. Detailed calculations revealed that the decrease
~in detection efficiency and electron intensity above 100MeV
(see the 1965 spectrum in Figure I1-1) cause the background
to increaée sharply. We accordingly chose 120 MeV as our
nominal upper energy. We chose 5 MeV as our lower energy to
provide adequate separation from the gamma baékground below
3 MeV. Once the total telescope thickness had been determined,
the selection of individual absorber thicknesses was made to
produce nominal energy intervals which were equally spaced in
the logarithm of the kinetic energy. The final values for the
absorber thicknesses and the nominal energy intervals are
given in Table 1V-1,
?. Detector radii

After selection of the absorber thicknesses, the
values for the detector radii were chosen. We have calculated
clectron counting rates and proton background counting rates

for expected electron spectra at 1 AU, at 5 AU, asnd in inter-
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Table 1V-1

Table of absorber thicknesses and nominal energy intervals
for TET

Absorber Thickness " Nominal Enerpg
mm g/cm” Interval (Mev¥
A2 0,45 0.87 -— |
A3 0.75 144 5-14
Al 1430 2451 11-30
Ay 1.75 3.38 19-54
A6 i B hol5 32-85

A7 2,45 4,73 B8-120
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atellar space. (These spectra are Jdiscussed in section IV,H,1.)
Figure IV-13 shows snme representative ratios Bi/hi as functions
of r, (holding r at its mﬁximum value, 2 cm) for each of these
three Spedtra. The figure shows that the depeﬁdence on r, is
relatively weak, with a possible minimum near 1.25 cm., We
therefore choose |

r = 2.0 cm

Ew = 1.25 ¢cm
The background levels at 1 AU are relatively large; however,
TET's main objective is the measurement of the interstellar

electron spectrum. The radiation background represents a

nerligible contamination to those measurements.
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H., TET Performance

1. Energy Resolution

Once the final parameters have beern chosen, the
first step in evaluating TET is to determine its response
functions. We use the range distributions from Figure IV-6
to produce the response functiong shown in Figure IV-14, ‘This
set of curves determines the energy resolution of the telescope.
The FWHM of each curve is ~100% of the peak energy.

To illustrate the energy resolution in a more mean-
ingful way, we have calculated the counting rates in each range
in response to the three spectra shown in Figure IV-15, These
spectra ares

a) a possible interstellar electron spectrum deduced

from radio data at high energies with a power-law

extrapolation to lower enerries,

b) the 1965 spectrum at 1 AU (from Figure II-1)

derived from a numerical solution to the Fokker-

Planck equation,

c)the spectrum at 54U for the same solution ag b).
The TET counting rates were calculated from a numerical inte-
gration of equation.IV-l. and are shown in Table 1V-2,

We have used a simple iterative technique to unfold
the counfing rates from Table IV-2 and producé the points shown
in Figure IV-15. The nominal energy intervals from Table IV-1
are used with the counting rate data to produce a trial spectrum

(shown schematically in Figure IV-16a). For each get of detectors



Table IV-2

TET counting rates. The electron counting rates are derived from the spectra

shown in Figure IV-15. The background count rates are calculated by “the methcd

ocoutlined in section IV.F,

2 -1)

Range A s (em©-sr) Electron Counting Rate (sec Backeround
i AU 5 AU Interstellar Rate
510203 2.6 1,0 x 1073 _1.9 x 1072 8.8 x 1071 5 x 1074
Dl...D4 201 | 7.0 x 10‘“ 7.0 x 1072 2.4 x 10°1 5 x Y
D1...D5 1.6 7.1 x 10°% 4,3 x 1073 8.7 x 1072 5 x 10'9
D1...D6 1.3 6.9 x 1070 3.0 x 1073 3.7 x 1002 5 x 107
D1...D7? 1.0 6.0 x 107 2,1 x 1077 1.7 x 107 6 x 10-%

Gt
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Dl...Di, we multiply the the trial spectrum with the ith

response function and the detection efficiency and plot the
result as a function of energy. As an example.lthe resulting
curve for D1...D5 is shown in Figure IV-16b. This curve
represents the contribution to the D1...D5 counting rate from
electrons of eacﬁ energy._,Inspection of this curve allows us
to select a new Di.,.D5 energy interval (Figure IV-16b),
'hese refined energy intervals are then used with the counting
rate data to calculate a new trial gpectrum (Figure 1V-16c).
We iterate this process until a self—consistenf spectrum is
found. Tﬁe sequence converges quickly (one or two iterations),
and produces good reproduction of the spectra, as shown in
Figure IV-15,
2. Radiation Background
a) Protons

Wwe have caiculated the proton-induced background
for TET using the methods outlined in section IV.F. These
count rates are also listed in Table IV-2. Since the proton
background is due mainly to the high-energy portion of the
proton spectrum, which is only slightly modulated by the sun,
we expect the background to remain nearly constant with
heliocentric radius. The 1 AU observations contain a sub=-
stantial background contribution. However, the background
lJevel is small compared to the 5 AU electron spéctrum and
negligible compared 1o the interstellar spectrum. “The meaﬂure;

ment of the interstellar spectrum represents TET's3 prime
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objective., .Simultnneous measurements of the 1 AU electron
spectrum will be made with more elaborate (and more massive)
Earth-orbiting telescopés. The fact that relatively large
uncertainties exist in TET's measurement of the 1 AU spectrum
should not obscure its performance in the regions of freatest
interegst.

h) Higher~Z nuclei

Cosmic-ray nuclei of 422 incident on the front of
lelescope are entirely eliminated based on their enerey losres
in D1 and. D2. Nuclei incident on the side of the teleacope.
represent, only o amall contribution to Lhe radiation hmckﬂroun&
for two reasons. Firat, they are much less numerous than
protons (~10%). &Second, they have higher secondary particle
multiplicities, and therefore a hirher probability of triggering
A guard ring after an interaction.
c¢) Gamma Rays

The RTG gamma rays, which dominate the gamma-ray
contribution to the background, have a spectrum which falls
sharply near 2.5 MeV. The spectrum for Compton and pair
produc tion electrons has an even softer spectrum. Uince the
TET threshold is about 3.5 MeV, we can discount pgamma-ray
background as a significant problemr -

3. Weight

TET's weisfht ig very small., The total weisht of

the detectors and absorbers is about 110 g; 1he mechanical

suoports have about the same weight. The electronice
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for such an experiment would weigh on the order of 400 g (Vogt,1972).

The total expected weight is < 0.6 kg.
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V., CONCLUSION

We have descibed an electron energy spectrometer
for thelinterval from 5 to 120 MeV designed especially fonr
the requirements of a deep space mission. Tts small weight
(~0.,6 kg) allows the investigation of a number of scientific
questions with a modest share of the spacecraft's scientific
payload. HExtensive model calculationa have been used to
evaluate 1BT's performance. wWe have demonstrated, through
the use of calibrated response curves, that TET is capable
of reproducing a wide range of posnibler electron spectra,.
Using proven Monte Carlo calculations, we have shown that
the background due to interacting cosmic-ray protons does:
not compromise the measurement objectives. TET's overall
performance is adequate to make meaﬁingful meapurements
over the full range of conditions expected on a deep apace

mission.
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AProNDIX A

Range Calibrations at NRL

The calibrations at the Naval Research Laboratory
linear accelerator (NRL) had the goal of determining detailed
range distributions for electrons between 6 and 70 MeV, The
calibration telescope (Figure A-1) was similar  to the anti-
cipated TEL, except that it had no guard rings. Calibrations
were made with monoenergetic electrons at 19 energies. Counting
rates were kept low (~1 electron/10 beam dumps with 60 beam
dumps/sec) to minimize the possibility of multiple electron
eventé. |

For the calibrations, the telescope used electronics
from the Goddard Multi-annde Ion Chamber balloon gondola
(Cancro and Ryan, 1971). This apparatus was modified to
accomodate the calibration telescope. Its use imposed one
ma jor restriction on the calibrations -- the outputs of only
six of the eight detectors could be recorded during any given
run. Thus to get full range information, two runs had to be
made at each energy monitoring different sets of detectors.
Of the six inputs to the gondola, five inputs were to pulse
height analyzers and one was to a single level discriminator.
The two configurations used at each energy weres

1., DLeteclors U1 throurh D5 to the PHa's, D6 to

Lhe digeriminalor.
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2. Detectors D1, D2, D5, D6, and D7 to the PHA's,

D8 to the discriminator.

In both configurations, D1D2 was the minimum coicidence require-
ment. The two configurations separately produced three num-
bers which could be compared for consistency, namely, the
fraction of electrons with range <D5, the fraction between

D5 and D6, and the fraction >D6. The agreement of these
numbers between the two configurations waé generally good.

For each run, the pulse height distributions for
each detector was plotted in a histogram. Each histogram wase
examined to detect any possible irregularity. A pulse height
requirement was placed on detectors D1 and D2 to eliminate
low channel noise and a small (€10%) but obvious pile-up
problem. The results of these calibrations are shown in Figure
A-2. This graph shows the fraction of events which are
DiD2...Di events as a function of energy. The range distri-
butions in Figure IV-6b follow immediately from this graph

and the thicknesses of the tungsten absorbers.
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AFPENDIX B

The GEES Scattering Experiment

The purpose of this experiment was to determine the
electron detection efficiency as a function of incident electron
energy and detector radius (rc in Figure IV-ic). The detection
efficiency is the probability that an electron will not
scatter out the side of ithe teléscope and trigger one of the
TET gdard rings. For purpnses of this experiment, the guard
rings have been replaced Ly a plastic scintillator cup which
covers approximitely the same solid angle as the rings. This
experiment was performed ot the Gulf Energy and Environmental
Systems (GEES) linear accelerator in April 1973.

The apparatus nsed for these méasuements is shown
‘in Figure B-1. It consisted of & passive scatterer surrounded
by a plastic scintillater cup (S4). Two flat counters and a
hole counter were used to collimate and count the incoming
electrons. The cup counts the electrons which leave the
scatterer. Sinre even at the highest electron energy used
in this experiment (35 MeV) only a few percent of the electrons
have a range ¢reater than the length of the scatter, the cup
counts primarily electrons which leave the scatterer from the
side. Details on the countnrs are yriven in Table B-1.

We made runs al three electron energies (10, 20, and
35 MeV) with twe differen' ncatterers and with two different

hole countrrs. "he scatterers differed only in their radii,
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Table B-1

Table of GEES scattering experiment counters.

Counter Desicription
51 2" x 2" x 3" NE 102
52 2“ X #® X %" NE 102
S b x 4" x 4" NE 102 with 1" diameter hole

through center

530 ' b x 4" x 3" NE 102 with £" diameter hole
through center

£l Plastic scintillator cup, 5" long, 3"
thick, 24" outside diameter, with

1%“ hole in bottom

All counters are viewed through attached lucite light pipes.
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1.25 ond 1.5 em. 'They were constructed to simulate the
central portion of TiT (Fipure B-1h). They consisted of
alternating disks of aluminum (o gimulate the silicon detectors)
and lead (to simulate the tungsten absorbers). We used the
two hole counters, 73 and 83', to compare results obtained
under slightly different experimental conditions, in order to
detect any obvious bias. The use of the small hole counter
53" nalso allowed us to investigate the detection efficiency
as a inction of the position of incidence of the electrons.
In general, the results from runs with 33 and 53' were in pood
agreement, and the detection officfency showed no marked
dependence on the point of incidence.

The electronics (Figure B-1c) used fast NIM modules
built by LuxG, The coincidence timing was done using a
storage oncilloscope to an accuracy of about 1 nanosecondj
the total coincidence resolving time was about 20 nanoseconds.
I'nis time was short enough to make accidental coincidenées.
negligible in all bul three runs. For each of these runs, a
separate run was made under identical conditions with a 32
nsec delay introduced into the timing in order to correct for

106

accidental coincidences. A Ru gsource was used to get the

high voltages on the PM tubes and the threshholds on the
discriminators. It was possible to do this with sufficient

; 106 g )
accuracy, since the Ru particlen are enerpgetic enough to

' F X on
penerate colncidences between two counters. By triggering an
an oscilloscope on the serond counter, minimum-ionizing pulses

from the first could be observed directly.
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APPENDIX C

The STACK Program

1. Description of the CGalculation

As described in section IV.F, STACK was written to
calculate the probébilities Po;(E) that a proton of kinetic
energy B incident on the side of the telesgcope would simulate
an electron D1D2.,..Di event., Because of the complexity of
the situation and the unavailability of experimental data for
comparison, we limited ourselves to attempting to make a
reagsonable estimate (accurate to +~50%).

We have assumed in STACK that the detectors are
infinitely thin. This assumption makeg the problem easier
to handle in two ways:

a) It makes the calculation simpler geometrically.

b) It eliminates the need for separate sets of

cross-sections for detector and absorber materials,
Since the detectors contain only abhout 10% of the total
mass in TELl, the error introduced by this assumption is in
keeping with our desired level of accuracy.

The input to STACK consists of a geometrical
description of the telescope, the nuclear cross-sections to
be used, and the number of proton histories to trace. For
each proton, STACK uses a random number generator to choose
A poinl and angle of incidence on the gide of the telescope

with distributions corresponding to an isotropic proton flux.
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The program determines whether the particle penetrated an
anticoincidence ring upon entering the telescope. If so
(see proton a, Figure C-1), that fact is recorded and the
prosram starts the next event. If not, STACK Aetermines
whether the particle interacts in the telescope or not (proton
b). If the proton interacts, STACK pencrates the number of
each type of secondary particle, 1lhe range of each secondary,
and its direction of travel. Each secondary is traced to
determine whether the event simulates an electron event (proton
¢), or whether it falls in some other classification (protons
d and e); After the desired number of proton histories have
been analyzed, STACK prints a summary containing the number
of each type of event. The probabilities for each type of
event is ;riven by the number of that type of event divided
by the total number of protons traced.

The program was run lor incident prétons between
500 and 2000 MeV., below 500 MeV, Lhe pion prdduction cross-
sections get very small, and the probability of simulating an
electron event is correspondingly small. Above 2000 MeV, we
have assumed that the probabilities remain constant at their
2000 MeV values. The probabilities are nesrly constant
between 1000 and 2000 MeV (Figure IV-12). 1In addition, the
proton spectrum falls at high energies so that deviations
from A conﬁtant probability at high energy would have a small

effect on the calculated backsround rates.
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2., OCross=sections

STACK

are:

The cross-sections and distributions used in

a) Primary interaction length

Sevefal authors give valueé for the interaction
length in tungsten or lead (Chen et al., 1955;
Galbraith and Williams, 1963; Bertini and Guthrie,
1970) . These values are all within ~5% of 200 g/cm®,
the value which we used.

b) Multiplicities

In general, the number of secondary proton~ and the
number of secondary pions are correlated. Bertini
and Guthrie ¢ive these correlated probubilities for
protons incident on lead between 500 and 2000 MeV,
STACK uses these data in tabular form.

C) Energy and angular distribution of sccondaries
These distributions are actually correlated and are
a function of the primary energy. However, we have
used energy and angular distributions which are
indenendent of each other and independent ol primary
enerry. ‘The validity of this assumption was veri-
fied in connection with the FLINT progsram, whose
predictions were confirmed an accelerator calibratione
(Garrard, 1972), Ag an example, the angular distri-
hutions of asecondary prolons and pions for three

incident proton enerpgien yriven by Bertini and
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Guthrie are compared to the distributions used by
STACK in Figure C-2. This figure shows that the
agssumption that the angular distributions are
independent of the primary energy is valid within
the desired accuracy of this calculation. For the
secondary proton energy distributién.we have used

1e2 4igtribution (E = kinetic energy) between

an =
25 and 500 MeV. This choice hag the =mame energy
dependence as data given by Camerini et al, (1950)
and Metropolis et al. (1958), and has approximately
the same average energy as that given by Bertini
and Guthrie. All pions are assumed to have
ranges greater than the dimension of the telescope,
which agrees with the average pion energy given
by Bertini and Guthrie. |
3, Bstimate of errors
It is a difficult task to estimate the uncertainty
in a calculation such as this one. We first note that STACK
was modelled after FLINI, whose results agreed quite well
with calibrations of the Caltech Pxe range telescope. We
believe the major sources of uncertainty to be as followss
a) Although the interaction length used by STACK
is the accepted value in the literature, it wasg
found that «LiNT best apgreed with the calibrations
if a value ~20% smaller was used. Such an error

affects our data linearly and we estimate this



k9

uncertainty at 25%.,
b) We have ignored about 10% of the mass of the
telescope hy assuming infinitely thin detectors.
Since the interaction length in silicon is about
one-half that in lead (Galbraith and Williams,:1963),
we have introduced an uncertainty of about 20%.
c) Among the distributions, the calculation seems
to be most sensitive to the secondary proton energy
digtribution. The estimated uncertainty due to
this source is ~25%,
Overall, we estimate an uncertainty of ~50% in our results.
However, we point out that even if felatively larpge absolute
errors exist, it is probable that the relationéhips among

BTACK~caleulated numbers nre still approximately correct.
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Firure 11~1: Calculatnd electron srectrs near BEarth, 19565-1970.,
The variation between years is the resnlt of solar modulation.
The gpectra Aare the resull of a cosmic-ray trangport calculation
to study the entry of cosmic-ray electrons into the inner solar
system. This calculation assumed #n interstellar electron
spectrum which agrees with radin astronomy data above 200 MeV,
wilh a power-law extrapolation to lower energies. The modula=
tion parameters (diffusion coefficient, etc.) were then ad-
insted to produce arreement with observations for each year
Cummiryrs, 1972).
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Figure II1-?t Non-thermal galactic radio power spectrum in the
direction of the galactic anticenter. The top scale gives the
characteristic energy of the electrons responsible for the
emission at each frequency, assuming a galactic magnetic field
of ~1 yggauss. The data are taken from Webber (1968) and
Alexander et al. (1969).
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Figure I1I-1: a) Schematic cross-section of the dE/dx- range

telescope used by Meyer and Vogt (1961, 1962).
b) Schematic cross-section of the dE/dx-E electron
telescope used by investipators at the Goddard Space Flight

Center.
¢) Schematic cross-section of the University of

Chicago gns Cerenkov telescope.
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Figure IV-1t a) Functional schematic cross-section of TET. .
. b) Cut-away drawing of a grooved solid-state detector
of the kind used in TET.

c) Schematic cross-section of TET, drawn to scale.

d) Simplified TET electronics. The minimum coin-
cidence requirement is D1D2D3D8G. Full event readout includes
two PHA oulputs and a lisling of which detectors have been
trigeered.
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bchematic crogs-section of the Caltech Pxe range telescope.
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Figure IV-31 Event type distributions from Pae range telescopp
calibrations,

a) Fraction of total DB (Pxe D8 is the cup) events
which are D21 events as a function of energy. The error bars
represent the statistical uncertainties.

b) Same as a) except plotted for D8 events.

¢) Comparison of the curves in a) and b). The
curves for D26 are identical. The differences between the

pairs of curves is smaller than the statistical uncertainty
in the data.
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CHANNEL NUMBER
Fienre IV-U

Typical energy-loss dictribution for electrons in a solide-
state deteclor., This particular distribution is for 22 MeV
electrons in a 2% mm Li-lrifted detector. The point marked
A vepreseiibs the minimum-ionizing eriterion used in the
discussion,
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(single?energy'loss measurement). Curve b is
rm(p;E)'/Pm(e)' (double enerpy lossa meagurement) .
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Fifure IV-6: Probability plots of range distribulions for
monoenergetic electrons in tungsten. The graphs show the
fraction of electrons with range less than a given value.
Kepresentative error bars are shown.

a) Pxe range telescope calibration data.

b) NRL calibration data.
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median range of electrons in tungsten vercus energy. This
rraph summarizes the results of the Pxe and NRL ealibralions
from Fipgure LV-o, "The points represent the median range. The
error bars indicate the width of the range distribution; 16%

of the electrons have ranges nbove the error bar and 16% below.
The smooth curve is from the lable of pathlensths for electrons
in lead cnlculated by Berpgor and Soltzer (1964) .
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Figure IV-8: Electron detection efficiency versus incident
energy from Pxe calibration data. ''he Pxe range telescope
rorresponds to B, = 1.2 cm.
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Figure IV-9: Results of the GHEES meattering experiment.
rlectron detection efficiency is plotted versus enerpy for
viluen of r_ . 'he lowe«t energy Pxe points from Fipure IV-8
ave also shown for comparison.
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'he two types of proton-induced background events. The two
types are described in'section IV.F,
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Figure IV-11: Probabilities Pfi(E) of n proton simulating an

olectron event., The representative error hars represent the
cstatistical uncertainty ir the Monte Carlo calculation.
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Fipure IV-12y Probability P ,(E) of a side-incident proton

rimulating an electron event. Probabilities for three values
of r, are shown holding r fixed at its maximum value 2.0 ecm.
Brror bars represent the statistical uncertainty in the

Monte Carlo calculation, which are comparable to the estimated
errors in the calculation due to errors in 1he crorcs-sactions.
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Figure IV-131 Background counting rates compared to electron
counting rates at 1 AU, § AU, and in interstellar space as a
function of detector radius r_. The error bars are the rel-
ative uncertainties in the points; the absolute uncertainties
are about a factor of 3 larger. The electron spectra used
for these calculations are chown in Figure 1V-15,
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Figure IV-14: TEY response functions. These curves show

the fraction of electrons triggering ench detlector combination
as a tunction of energy. ''ne FWHM of each curve divided by
the peak energy is about 100k,
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Fitrure TV=15: Possible electron spectra at three distances
from the <un (solid lines) and TET reproduction of the spectra
{points). The interstellar spectrum is derived from radio
data at high energy with a power-law extrapolation to lower
cnerries. The other two spectra are haken from the numericnl
solution to the Fokker-Planck equatiorn used in Fipnre 11-1
(Cummings, 1972).
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Figure IV-163 Schematic diagram of the technique used to

unfold the TET counting rates in Table IV-2 and to produce

the points shown in Figure IV-15. 'This method is described
in section IV.H.1.
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Figure B-1: a) Schematic coss-section of the counter arrange-
ment of the GEES scattering experiment.

b) Schematic cross-section of the scatterer.

c) Block diagram of the experiment electronics.
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Fipure C-1

Examples of typical interactions of side-incident protons
in the TET telescope.



Figure C-21 Ansular distributions of secondary protons and

pions used by LTACK. These pgraphs show the fraction of particles
at an angle between © and ©+A8 (with respect to the direction
of travel of the incident proton) divided by Acos 6. The

points are from the intranuclear cascade calculations of
Bertini and Guthrie (1970) for protons incident on Pb.
lines show the distributions used by STACK.

The
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