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ABSTRACT 

A new, lightweight cosmic-ray electron enerey 

spectrometer has been designed for use on deep space mis~ions. 

The . Electron Telescope ( 'l'.~T) uses the ~! - range technique, 

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 (N0,6 kg) makes it 

ideally suited for weight-restr icted mi ssions where a conven­

tional electron telescope would be consi.dered too heavy . 

We discuas briefly the scientific goals of cosmic­

ray electron studies in interRtellar space and the design 

constraints unique to this type of mission, We have performed 

model calculations to analyze '!'ET' s expected performance • . 

These calculations depend on electron r~nge and scattering 

parameters, some of which we have measured in specific accel ­

erator experiments . Backeround effects due to cosmi~- ray 

protons and spacecraft gamma rays_ were evaluat.ed through two 

Monte .Carlo calculations . These results are uRed to optimize 

the telescope parameters and to demonstrate TET's suitability 

for exploratory ele~tron studies on a <leep sp~.ce rnissi.on. 
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I Cl IN'l'R01)UCTION 

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 

w~s that a conventional electron deteotor 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 (TET) 

weighs about o.6 kg -- a fictor of ten improvement in weight 

over many previous telescopes -- and is made possiblA partially 

through recent advances in solid-state detector tP,chnology. 

TET iR a ¥x -range telescope with nnergy resolution and 

background (proton and gamma ray) rejection comparable to 

existinf; c lectron telescopes. 'l'he ~ -range method ha~ bee_n 

used previously to detect cosmic- ray electrons (M"yer Bnd 

Vogt, 1961, 1962), but TET represents a significant improve­

ment over such instruments . It is well-suited for deep- space 

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

in 1977. 
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II. SClENTIFIC GOALS OF 
UKEP SPACE ~LECTRON 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 s6me 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 particular, 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, ~lthough 

it is a less fundamental topic, the use of cosmic-ray electrons 

as probes of the interplanetary medium will be briefly 

discussed. 
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A. G.lactic Electron Spectrum 

Electrons form only about 1% of the total cosmic-

ray flux near Earth, the most abundant components being protons 

and .helium nuclei. Both positrons and negatrons are found, 

the e+;e- ratio is energy- dependent and varies from N0.4 

near 100 MeV to -0 . 1 above 2 GeV (Beuerman et al., 19691 

Fanselow et al . , 19691 Cummings, 1973). The quiet-time (non­

solar) electron spectrum near earth has been measured with 

some precision since 1965. Similar to the proton and helium 

spectra, it is found to vary with the 11-year solar cycle, 

with times of high solar activity being times of low cosmic-

ray intensity. Spectra representinr. one half of a solar 

cycle are shown in Figure 11 - 1. The mechanism of this solar 

modulation is discussed in section 11.c. However, some gross 

features are obviouR from the figure. The high-enAr~y spectrum 

(>few GeV) t,1nderp;oeR little change from year to year, and 

it is belteved to be repres0ntative of the interstell~r 

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 

spec.trum (Cummings, 197)). Nea.r-Earth me,rnurements are insuf­

ficient to determine the intArstellar Rpectrum below a few 

hundred MeV. Only mearrnrernents outt:::i.de the solar modulat.ion 

rP-gi.on, entima1.P-d to havP. a rndi1rn of 6-25 AU (Cumminv.r-1, 197J), 

~an provide thiR information. 
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The total cosmlc ray fl1n<, of which cosmic-ray 

electrons are a part, plays an important role· in the dynamics 

of the galaxy. Measurements of the enerRY spectra of the 

various component~ of the cosmic rays hear on topjcs such as 

the energy balance of the galaxy, the heating of the .inter­

stellar ga.s cloucis, and the diffuse X-r'8.y background . In 

addition, measurementn of the electron spectrum cRn be combined 

wi. th radio astronomy measurements to invest.i f'.B. te the \ nter- . 

stellar medium (section II-B) . 
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B. Electrons and Non-thermal Radio Emission 

Electrons are unique among cosmic rays since they 

are almost 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 propor.tional to m-4 (m = particle mass), 

the radiation from electrons compleiely dominBtes that from 

protons &yen though cosmic- ray protons are much more num•rous. 

1, Diffuse Backeround 

Assuming an interstellar cosmic-ray electron 

spectrum ~ oc E-2! (E = kinetic energy), Ginzburg and 

Syrovatskii (1964) derive the frequency spectrum of its 

synchrotron radiation 
(!!1) -(Ir-I) 

~ Cl: B.&. 2 ~ 2 .{II-1) . 

where V is the frequency of the radiation, and B~ is 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-sir;ht, that the magneti.c field is 

relatively constant, and that there is no absorbtion -- we 

can use radio astronomy measurements (Figure II-2) dir.ectly 

to find '1 for the galactic electron spectrum . .F'or frequencies 

;?;200 MHz {corresponding to E ~ 2 GeV), the radio data are 

consistent with an electron spectrum with b' ~ 2. 5, which 
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agrees with the directly observed spectrum. At lower fre­

quencies ( J MHz <. y- < 200 MHz), the . data correspond to a lf 

of about 1.8. Finally, at frequencies below 3 MHz, the radio 

spectrum turns over completely. It is commonly assumed that 

this turnover is not due to a change in the electron spectrum, 

but rather to the presence of free-free absorbtion by the 

interstellar hydr·ogen. Detailed models 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 energies 

with no change in slope (Goldstein et al., 1970). Cummings 

{1973} haR shown that a wide range of electron spectra can 

account for the radio data if the proper models· of the inter­

stellar mt~di.um are used. His analysis shows that a measure­

ment of the electron spectrum at energies near 100 MeV could 

further limit the ranges of possihle values for such parameters 

of thR interstellar medium as temperature. density, ma~neti~ 

field strength, etc. 

2. Discrete Source~ 

The majority nf liir-crete sources of synchrotron 

radi9 emission in the galaxy are supernovae remnant~ such 

as the Crab Nebula. EnRrP'V c-onslderati.ons alone indicate 

that supernovae are the most likely candidaten as thr domin­

ate sources.of the cosmir rRys. ThR di~covAry of synchrotron 

rad i n.t ion from supernovae remrnintR cont' i r.mR i'hP. prestH1co of 

r·P.lat,ivlntic et.er.tronr. and .l.<rnds ad<1i1.ionR.J s1,ppor-t: to this 



belief. 

Equation II - 1 can be used to determine the slope 

of the electron spectra within the sources, notin~ that the 

magnetic fields in supernovae remnants are somewhat stronger 

than the general galactic field. This method gives P.lectron 

spectra for different sources with ~ 's ranrjng from Nl.5 

to ~3.0, but clustered near 2.0 (Ginzburg and Syrovatskii, 

1964). The comparison of these source Rpectra with measure­

ments of the local interstellar spectrum promises to give 

further in~ieht into the transport of cosmic rays in inter­

Rtellar space. 
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c. Interplanetary Medium Studies 

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 thA 

solar wind are at least qualitatively understood (Jokipii, 

1971). The solar wind sweeps the galactic cosmic rays from 

the inner solar system (convection). Thi.a action produces a 

densi t,y gradient which causes an inward diffusion. Since 

the solar wind is expanding, the cosmic rays loAe energy 

analogous to the adiabatic cooling of an expanding gas. These 

features are described by a Fokker- Planck equation 

:; = $ -(.~•Vn) - ~-(nV) .. v; [h(cxfn)] (II - 2) 

where n is the cosmic-ray density as a function of poRition 

and kinetic energy E, ~ is the diffusion tensor as a function 
~ 

of position, particlP- velocity, and rnap:net.ic rigidity, V is 

the solar wind velocity, and 0( = (l•; + ?m)/(E + m). The terms 

on the right represent diffusi.on, convection and adiabatic 

deceleratiqn, respectively. The major obstacleR t o a complete 

solution of this equation are the lack of knowlege of i 
and of the proper boundary conrtltions. 

Cummings (197]) has discussed the importance of 
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electrons in solar modulat.ion studies. Inger.er.al, adiabatic 

deceleratjon is Rmaller for electrons than for protons. We 

can see thiR fact qualitatively by ·noticinp.; that I)(~ 1 for . 

P.lectrons >few MeV. In addition, th~ use of radio astronomy 

data to infer an interstellar electron spectrum provideR a 

set of bounoary conditions to be met at the outer f:!dp.;P. of the 

wxil,.lq tirm region·. 

Electron meanl)r.ernents on a dc-:ep ii pace mi.ss ion would 

ndvar,ce tl-rn:rn r.tlldies ir. two m;:ijor ways. Firf'lt, they would 

provid,~ ar improved l<nowlet~e of thP. int.erste.Uar r:pectrum 

to be ur.nrl r:iR the outP.r boundR ry con'li ti on. Second. stud ieR 

of the elAntron spectrum as a function of diRtancA from the sun 

shou~ rl nroducfl i nformR t. ion ;:ibout t)1f1 r.nrl .i~ 1 depenn0.nce of the 

niffvr:d.ol'"') ,rnefficient .. AJth<)1Jr:h not thn pr.im~ ob:iect'i.ve of 

a deep Pp~ce coRmic-ray electron experiment. such studies 

would be of great value. 
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III . ELECTRON 'rELESCOPE DESIUN CONSIDERATIONS • 

A number of scientific and/or technical consider­

ations enter into the design of a detector system. In thiR 

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 oxperimental 

situation. Ne begin by descibing three types of electron 

detectors used by other investigators in order -to determine 

the i:;ta.te of the art in electron measurements. 



A. 

1 . 

Measurement Techniques 

dE - Range Telescope 
dx 

l 1 

Historically, the ,¥x - range telescope ui=;ed by Meyer 

and Vogt (1961, 1962) was the first counter experiment to 

detect primary cosmic-ray electrons. This device (Figure 

III-la) used a Na! counter (counter I) to make a ¥x measure­

ment, and a series of plastic scintillato~s to determjne the 

particle range in a stack of lead absorbers. A plastic anti­

coincidence shield was used to detect particles which enter 

or leave the tP.lescope from the side. The total thickness . 

of lead was 122 g/cm2 , which correapondR to a nominal maximum 

energy of 1)00 MeV for electrons. ~lectrons were identified 

by their minimum-ionizing energy loss in counter. I and a 

range less than the depth of the absorber stack. Proton of 

energy high enough to give a minimum-ionizinr:; enerF.Y loss 

have an average much longer than the stack depth. The instru-

• ment was originally designed for cosmic-ray nuclei measurements 

rather than for electrons, however, it doeR surprisingly well 

compared with detectors optimized specifically for electron~. 

Near 40 MeV, the tel es cope' s energy resolution wa.s "'200%, 

hut it improved to ~50% above 600 MeV (Meyer J:1.nd Vogt, 1962). 

Large background corrections were neces~ary, which led to 

uncertainties in the electron flux of about a factor of two. 

This background arose primarily from hi~h-energy protons 

which underwent nuclear interactions in the lead absorbers, 

resulting in a shortened range. 
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2. dE ax - E Telescope 

Investigators at the Goddard Space Flight Center 

dE E t h ' ' ' • • used the ax - ec n1que 1n their experiments on a series of 

IMP satelJ ites. This instrument (Figure III-lb) mearrnred ,¥x 
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 telescopP. 

was 2.7-21.5 MeV. The energy resolution was better than that 

of Meyer and Vogt's telescope, ranging from ~15-J5%. However. 

db: similar to the ax - range telescope, a large background 

correction was necessary. In this instrument, the bar,kgrounrl 

arose from two sources -- gamma rays, which are a significant 

problem only in low energy electron meaAurements (,few MeV), 

and interacting protons. Part of the success of thiA instru­

ment was due to the fact that the electron flux over its energy 

range is relatively high (see Figure 11-1), making background 

corrections less important. 

~ J. dx - ,I!; - Cerenkov Telescope 

Another successful device was the University of 

Uhica8o OG0-5 electron telescope, shown in Fi~ure III-le 

(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 measurP.mP.nt (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 correc·tions as large as 35%. !he energy 

resolution of the instrument was about 50%. The lower resolu­

tion, compared to the Goddard telescope, was due to the 

increasing production of ~amma rays whjch escape the teleAcope 

as the primary electron enerey increase~. This telescope 

covered an energy range from 10 to 200 MeV, and wcighert 

about 5,5 kP,. 
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B. lVlission-irnposed Cg_rlStrain:ts 

The MJS missions consist of two identical space­

craft launched a few months apart . on trRjectories 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 1977, 

when solar conditions and cosmic ray levels should be simil~r 

to tho~e in 1965. 

One of thP morE:! stringent rest-rictiom~ placed on 

0.xperi inontn hy the IVl,J'.j miss i onr. is that: of weight. ThP. tot~l 

:::;ci.erd:i n .c pay]o::id is only about 70 kg, over half of wh.ich is 

devoted to TV equipment. Because of the large number of 

interestinr; studies which can be made on such a mission 

(including planetary studies, and interplanetary and inter­

stellar modi.urn ntudies), access to nayload space tR difficult. 

The scientific worth of an experiment must be weiRhed against 

its nemands on spacecraft weight anrt power. Clearly, the 

smaller these demands are, thA more prohable an experiment's 

selection becomes. 

A less important restriction ls imposed by MJS 

concerning low enerRY electron meaAurements. Spacecraft power 

is provided by radioisotope thermoelectric generators (WrG) 

which produce a large flux of gamma rays. The spectrum for 

these gamma rays rises sharply below J MeV, and makes cos-mic­

ray electron measurements in that low energy region impossible. 
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c. Summary 

From the rtiscussion in this section and in section 

II, we draw the following conclusi6ns relevant to the deRi~n 

of a deep space electron detectors 

1) The scientifically interesting energy region 

is that below 1 GeV, with a particular emphasis 

on the region below 200 MeV. 

2) Electron studies below NJ MeV are rendered 

impossible by 1~amma back1r,round from tho spacecraft, 

J) Because these are exploratory meaRurements 

rather than refinements of earlier studies, an 

energy resolution comparable to previous instru­

ments ()0-1000/4) is acceptable, 

4} Background corrections as large as 30-100% 

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 TP.lescope 

(TET), a new detector w~ich we have designed to Aatisfy the 
dE requirements outlined in section III. TET .is a dx- range 

telescope 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 
dE detectors to make a double dx measurement anct a range spectro-

meter to determine particle energyo 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 Ill, . 

namely. to detect particles which Anter or leave the telescope 

from the Bide. The acceptance angJe for thP. telescope iR 

determined by the first detector and the anticoincidence shield. 

The detectors used in TET have two independent 

active areas -- a c~ntrRl circular area and an Rnnulus -­

separated by a groove cut into one surfare (Fi~ure IV-lb), 

These detectors are Li-drifted silicon detectorA with a nom­

inal thickness of 1, 5 ,mm, The central areas are used for the 

range spectrometer portion of the telescope, they determine 

the particles pem~tration i.nto a stack of tungsten absorbern. 

The rings ara operated in anti~oinnidencA to form the ~uard 

flh i.e ld. A scale dr11wi. ng of th i.1:1 arrangement is shown 'i n 

r'i.gure IV-le. 
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Figure IV-1c nlAo shows the important parameters 

in TET's design. TheGe parameter~ are, 

a) The absorber thicknesses,A 1 
The Ai's determine TET's energy range and, jn 

part, its energy resolution. 

b) The detector radii, rand r
0 

These parameters are important primarily with regard 

to detection efficiency and ~adintion ha~k~round 

(e.go, proton) rejectio~. The radius of the detector 

d.i.sk, r, is limi.ted by current manufacttirin~ tech- .. 

niques to a mn.ximum of about 2 cm. 

A simplified version of the TET electronics iR shnwn 

in Figure IV-ld. The basic coincidence requirement for event 

-* readout is D1D2DJD8C • The D1D2D) requirement defineR the 

minimum energy accepted by T"ETi 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~ 

] ist.ing of which detectors had been tri.ggered. Electrons are 

identified hy their minimum-ionizing energy losses, and their 

energy is determined by their penetration in the absorber 

stack. 

* A bar above a lo~ic nymbol dAnoten the loeicRl complement, 
.i.e., ITS :=::: "not 08". 
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A• Relationship of Counting 'Rates to the El~ctron Spectrµm 

The quantity which we wish to measure is the 

gie differential electron energy spectrum • The data returned 

by TE'r, on the other hand• consists of a set of counting rates 

N., the rate of D1D2 ..• DiDi+l ... DBG coincidences with minimum-
1 

ionj.zing energy losses in counters D1 and D2. ~e can write 

Ni = Ci + Bi 

where Ci is the counting rate due ·to electrons and B1 is the 

countine.; rate due to radiation background (e.g., protonA and 

gamma rayo). At this point wo shall ignore the radiat.i.on 

background; it is discussed in sections IV.F and IV.H • 

. ~he Ci are given in terms of the differential 

electron spectrum by 

c. = 
1 

J ;lie Pm(e 1E) 2 <(E) Alli dE (IV-1) 

where Pm(e;E) 2 is the probability th~t an electron of kinetic 

energy E has minimum-ionizinr energy losses in 01 and D2 (this 

definition is discussed in section IV.U), R{(E) is the proba-
1 

bility thnt an electron of ener~y ~ triggers detectorR 01 

through Di (and no more) without triggering the ~uard rings, 

and Alli is a geometrical factor. 'l'he A().i' s have a weak energy 

dependence which we shall ignore. If we assume that an 

electron's actual range and its -probability of triggering an 

anticoinci.dence ring are independent, the H(( !.!;) 's· are the 

product of two factors 

(IV-2) 
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wher(;.• f(E) i.s the probabi l i.t~-.' th::it Rn P.]ectron of em~r!!.'y E 

will not tri~ger the guard rines. independent nf i, and R.(E} 
l 

is th~ nrobability of tri~gering rletectors D1 . .• Di. We shall 

rall E(~) the electron d~tectio~ pfriclency an~ k.(R} the 
1 . th· . 

1 respom,A i'unetion. The va.lid.i ty of this 1:1.P.Rumrition is 

discunsed 5n the next section. 
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B. Detection Efficiency !~ctor and Response Function~ 
In the5 section. we shall show that the assumpt.ion 

made in section IV.A -- that the electron detection efficiency 

depends only on the init~ Rl energy of the electron and not on 

its actual range ... - is a !'easonable assumption. For this pur­

pose, we use data from e l P0tron ~~librations · of the Caltech 

P~e range t9lesnope. 

'l'he P«e r-ange telescope has been describer! in -detail 

dE by Garrard ( 1972) • It i::i basP.d on the dx - ranr.e technique. 

The telescope (Figure IV-?) consists of a stack of seven 

solid-state detectors· ( 01 -through D7) and fi. vo tungsten ab~orbers, 

surrounded by a plastic scintill~tor cup DB. Electron events 

are cla~sified b~Aed on th~ir rRn~A as D2i events, defined as 

:a D2D.'3 • . • .DlDi+i •.• 07 coincidence, . and as either D8 or D8 

events. 'fhe ca] i bra ti onB were mf.l.de i. n Df,cember 1966 at the 

Cal tech Synchrotron betw,~i'r: 1- 00 :rnd Hon t'ileV. 

Data from thnr.0 calibra1;j()nfl :~re shown .in Figura 

IY-J. li'igure IV-Ja showR the frar.tion of all P8 electron 

events which had a D21 ran~e, as a function of energy, Figure 

IV-Jb shows the same distribution for u8 events. A comparison 

of the curves fr.om these two graphs (Figure IV-Jc) shows that 

they differ ~y no more thAn the Rtatistical uncertainty in 

the individual ci:ita pointn. 'l'he probability of an electron 

triggeri rnr, the thP :ua l i cu inc i. •:l<.mcf) 1·11p i !~ inctep0.rH1ent of its 

rango ovur tl·i in <mo r'/~Y int 1• r·v:1 I , i t. do pr.n1dfl n.r1 I .v I;pon the 

initial ol.u,:t,ron ~ner/';.Y :1r!tl I.ho 1' 1~<>m,1t.r,v. 'l'hn v~riflcation 
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of the ~Raumption expressed by equntior1 IV-2 betwRen 100 and 

800 MeV gives us reasonable confidence that it is at leact 

~pproximRtely true at energies below 100 M~V. 
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C • 
d~ pguble dx lVlea§U:t:fil!Jent 

~'he energy losn of charged particles in matter is 

well-known. However, we shall review the subject briefly in 

the contekt 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 

cal~ulate the distribution of energy losses for particles of 

a given energy in a Rolid~state detector. Its accuracy has 

been verified _by comparison with Bxe callbrati.qn data. 

A typ'i.ca l energy-J os8 d.istri buti.on for elfir.trons 

in a nnJid-Rtate deLHctor is shown in Fi~ure IV-4. To 1den­

ti.f'y e ·1ectrons i.n a M.ingl,: 0nergy loss rneasuremBnt, we claanify 

all partic.les with an ern~rg.v loss lerrn then nome .6E
0 

as beinr 

"minimum-ionizing". ~,:ince the energy-loss distribution has ~ 

finite width. a partjcle of type i and kinetic energy l!: has 

a probabil i. t.y of being minimum-ionizi.nr, Pm( i,E}. 'l'o obtain 

the mn.xi.mum separation of protons from electrons :in a rloublo 

~f measurement we should require that both energy losses be 

less thnn 6E0 • .r'or near-minimum-ionizing pa.rti.cl<'R, the two 

f-'nen?:.V lOfH3P.S a N! i nclepetvlf.mt, that is, the t.hA prob~.hi l i ty 

of bei.ng "minimum-ioni.zin1•:" i.n a double mei::tnurement .i~ 

[Pm< x; iO] 
2 

n 

For electrons treater than about 1 MeV, we h~ve 

Pm(e1E) == coru~tant = Pm(e). 

In our calculations we hnve chosen AE0 such that Pm(e) is 0.8. 

This AE0 is marked in Figure IV-4. To rlemonstrate the 
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'."'P.para ti on of e .I ect.r.ons fr.om proton:~. rl. 11d tn ~how 1:hP. i mprovc­

ment of a double energy-lons measurement ovnr a ~ i n~ le one. 

we have pl(?tted Pm(p;E)/Pm(e) and Pm(p;E) 2/P "'(e) 2 i n Fi.rure 

IV-.5, 

I. 

,· 



D. t',.l ectron Ra~D.i .. ~, tri..butions . 

. The response functions Ri(E) were defined aR thri 

.frar.tfon of electrons with ener~y b: which ntop in :~bsorber Ai. 

t1. det::i.iled know.l.ege of the range distrlbut :i on of electrons as 

a function ·or energy would allow us to calculate the re~ponse 

functjons for any triaJ telescope. We have used t:he resuJtR 

of two experiments to <ieter.mine these di:=:tri butionr;. 

1. Eq~ed ment Oescriptil)n 

'l'he data fr.om the h')(e r:rnge telencope ca.lib.ration~ 

nhown earlier in Fi~ure IV-J were used to determine detailed 

rRnge distributions for electrons in the energy interval from 

100 to 800 MeV. We have reanalyzed these data spAcif'ically 

for this purpose. 

To determine the range distributions .for electrons 

b<~low 100 1v1eV, we performed an expedment :it the Nnva1 Reflenrch 

1,aboratory linear ac(:~ll'•rator (t"~HJ.) •in July 1972. '!1t11;;! 

~nUbrntion t.ele8copc (r'igurP. A-1) wan Vf?ry ::dm,lnr to the 

qnticipa~ed T~Tn (Aside from the ~bs onc ~ of the anti~oinci­

dence Rhield, the major <1ifferencP, wa~ th~ m:µ, of two :,ii.zes 

of detectors, which w~s dict~ted by thRir avai .LRbility.) 

Cn.1 ibrations were pc~rformed at 19 ,Ji ffer·ent. enP.r[ri eR between 

6 and 70 MeY. Purther . det~il.R ar~ riv~n in Apponrtix A. 

1J'h<~ tlRta t'r·nm thc!.H' two ~ourren ar<·) rti:=,pl::i.y~rt in 

I•' i f.~ur·e 1 V-6. 1l1he curvon rnpr<!rtent. th,~ t'rac ti or, of' (:) f,Ctronn 

ol' .n:1<~h 1-nH•r1•1;y whir•h k1v1• :1 r :1nf'.f:! ::hortn r.· t.h:1n n l':iven vHlUf!. 
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One important feature~ o.f these curves i~ t,hP lar{~'~ amount 
,. 

of ran~e ~taggling which occurs. 

To show the r.an~e-nnnrgy relntionship more nlearly, 

we have plotted the median range v0r.suR energy in Fi~ur0 IV-?. 

The orror bars represent thA wi.dth of the ranf.'·e d i.~tri bution 

( one "standarr. devi::1.tion") 1 16% of the electrons l-\R.ve rAnges 

greatPr than the upper end of the error bar anrt 16% have 

rqng~s lPaR t han the lower end. Thn solid curve i.n the electron 

pathlAn~th au calculatAd by Berger and Seltzer (1964). Our 

d~ta do not, contra.die+. their. r.·esults, nince in fac~ pathlenr: th 

( tota .l dir-; tanr.f~ of tra vu l along t ho pa rt.i r, .1 es tra ,;ec t.ory) n.nci 

rAngn (depth of penetration of the particle anrl AnAuinK 

~hownr) are two t.liff'nrfn,t q1mnti. tioR. However, the dh:ti.nr.li.on 

i.s not n.lways made in the 1 i 1.c!r:lturP., and r:;omP-ti.,:neF: t:Jhles of 

pa thl P-ne.;th have l;>een 1Jsed when ran1~e tar>.l es were ac tun 11.y 

needed. Figure IV-7 shows that the two quantitieR may be 

quite different. 
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E o Detect.lQ.lJ..J~ffJ&.i en.QY-filJ.d Sea t.:tering 

The detection efficiency E(~) is important prim-

a.ri .1y because of its role in determining the electron counting 

rates Ci. An f<l increases the importance of the radiation 

background. If~ gets very small, the background may even 

dominate the Ci. ~he main source of an £<1 is electrons which 

scatter out of the central portion of the teleAcope and triRger 

the guard rings. In TET's cylindrici:\l p;eomctry, wn expect 

that the detection efficiency is most stongly dependent on 

E and r
0

• with ( increasing with increasine r and decreaRing 
C 

with increasing E. • 

1. Expe~iment Description 

The construction of a prototype TET complete with 

~~uard rin{(s was not practical at t.hiB t.i.mn, and it: was even 

more impractical to construct severalprototypes in oroer to 

determine the dependence of~ on re • We instead cho~e to make 

these mAasuremAnts with a plastic scintillator cup replacing 

the anticoincidence rings. Since the rings cover almost aR 

much solid angle as a cup (viewed from jnside the teleocope), 

the detection efficiency measured in this · way is representative 

of the values with the actual anticoincidence rings. 

As with the range d i~tributi.ons, the Poce call bra tion 

data were re~nnlyzed to determine the rtetection efficiency of 

the ranp;e teJ.er,cope f'or frnert.~ies betwP.en 100 and HOO MeV. 'l'o 

t;he de pendP.ncP. on r , wo per formed n.n r.x per\ ment in A pd 1 .1973 
C 
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at the linear electron accelerator at Gulf Energy and Environ­

mental Systems (GEES), San Djego. 

Ttle GEES experiment ( Fi,i;o:.ure B-1) cons i. sted of a 

passive scatterer surrounded by a plastic scintillator cup. 

The scatterers were built to simulate the detector-absorber 

stack of q trjal telescope. Two flat counters followed by 

a hole counter were used to count the number nf electrons 

incident 011 the scattt?rer, while the cup counted thP- nurnbP-r 

which scattered out thn side of the scatt~rer. WP present 

<l.'l ta froni three enerr.i. HS and two r.ca t tnr0r r~Ht i L A more 

detailed dnscription of this nxperiment i8 ~iven in AppAndix B. 

?. Hesults 

The P()(.e data are presented in Fig:ure IV-B. For 

the Pote range telescope, the detection efficiency is p:lven 

~teach energy by the number of 08 (P«e U8 = th~ cup) events 

rlivided .by the total number of events. One important feattire 

of the e;raph is the rate at which the detection P.ffi.ci.rm~y 

faU wi.th increasing energy. Figure IV-9 shows t.he n.ffi.cjnncy 

deduced from the G.14.;E!:: dn.ta. 'I1he low energy PO<e d~t::. roi.ntn 

are also shown to <iP.monst.rate the ,n;eneral consjstency of the 

two experiments. The rlnta in these two figureA provid~ us 

with the necessary information about tho dependence of Eon 
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1',. Radiati.Q.D Background Calculations 

The most important sources of radiation background 

in T~T are interactin~ protons. For purposes of calculatinR 

expected background ]evels, we have divided the inter.acting 

protons into the two classes illustrated in Figure IV-10. The 

first class (particle a) contains minimum-ionizing protons 

i.nd.dent on thP front of the telescope which j nteract to produce 

1, shortened ranee. If no guard rin~ is trig~ered by one of the 

Aecondary particles, such an event is indistinguishable from 

nn electron eve~t. The second class is made up pf protons 

incident on the side of the telescope ( particle b) • 1rhese 

protonn may interact and send a minimum-ionizing pion throup;h 

detectors Dl and D2. This type of' event is also i..ndistinguish-

able fr.om an electron event. 

1~ Metho~ of calculation 

we write H., thf! rate of proton-'inducert Ll10?. .. • Di.G 
]. 

events, as the Bum of two ter-msa Br·, the background due to 
1. 

p~otons i.ncident on the front of TET, and B . , the background 
Sl 

due to side- incident protonR. We define Pfi(E) to be the 

probability that a proton of kinetic energy E incident on thA 

front of the telescope will interact and give a D1 . .. DiG 

coincidence. Then , 

{IV-3) 

where ~~..12 .hi the di.ffnrential pr·oton flux, and thP. AS'lr/s are 

a 01-d, or 1".P<>metr·.v t'actorn. U' w,~ f~imi.J.r:1.r.ly cte.ri.nr: P,.-
1

(1~) 
.:, , 
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as the probability that a. side-incident proton will produce 

a Dl ••• DiG coincidence, we can write 

B . = S l • r dJ P P . ( E ) A O . dE 
dE Sl ·-s1 

(IV-4) 

where the An. 's are another set of ~eometry factors. 
Sl • 

Of the above function~ only Pfi(E) and P81 (~) are 

T • p ( E') 2 ' ' ' G' • IV 5 r.• unknown. he function m Pt N 1s given 1n i·1gure. - . . ~or 

dJp we have used the 1967 spectrum given by Garr.Rr<i (1.972} . 
d~ 
The geometry factors are easily calculated for any RP,t of 

t e lescope parameters. 

'1'wo nimi lr,r r.omput c.•r pror~rams w0rn u!-;nd to r.r-i.lcu.late 

1-'f t' irnd P . -- 1:''JJl N'!1 f'or P • :-i.nd !:i'l'ACK for. J-i • both prof;ram0 n 1 f 1 • S l • 

r,er.form Monte Car.lo M1.Lcula tions to simulate the prot on inter.-

ac t.i.ons. '!'hey use rneasurP.d and/or calcula tert nuclear crosF-i­

sr-1ct inns f'rom n numb0r of sources. .ft'LINT h1c1.:;:; beer1 described 

previousl y (Garrard, 197?.). It was or.i.gjnally . u~ed with t.hP 

Poc.e ran~~e telencope. and has been r-i xtens.lvel.Y compar0d with 

cli.rect Po<.0. cali.brati.on . on pro1;on b<>::lmR, wherr• it. WF\n found 

i.n 1~oorl ;i,rrr.eemfmt. S'J'ACK waB wrltt.en mrneci.a] ly for t.hi.i:'; 

nroj0ct. It is describRd in rletail in Appanrtix C. 

j . Rer.u.1 t:•, 

Jhe ~esuJt~ of thase cRlcuJ~tions Rr~ ~hown in 

1••igures lV-11 :1nd l.V-1.?.. '!'he r:_r· ; i 1'i • r•,.• ·d1r,wP 1·1-:prw:;entative 

fit,.(,,; ) fo i:· ihP. final te.trmc ope. 'l'he (\rror bar!'l " nprPnc-rnt 
I. 

'.he i:it.:-1.t.\r.t.ical ,.mcertain·t.les i n ~~1n. ,VJ, ,nte t;~rlo calc11ll'ltion. 



t!->A t;el.Hsr_:ope param-1ters. ChRngeB i.r. thP. <fot.ect1)r -r;:i.di i, r 

: 1 nd re , affect thP completenoRs of the nntJ~ni~cirlencA Rhj_el.d 

d~ ff,.>rP.ntly for the Hfj and Hfll. ~,econrtRri0A from typ0 A. 

it:teraetions (:.r'igure IV-10) arP. pe~ked tn the forward <Jir.Pr.tion , 

1.P., normal to the olane of the 1n1ard rinp;s, whereFlR second­

~riP.n ~rom typp b intP.rartions tenrt to travel par8llel to the 

nJ annr. o.f the v 1.1A.rd r i rwi:::. 

~ffect bo~h thR entrnncR of type b protons an~ the ~xit of 

trw r.P.condaries, whi J e typP- <1 i. ntf! r·act i onr:. are B ffe<'tnd only 

through the P.Xi t of secondary parti cleR. Thu~ . the B8 i di.Rplny 

n stron~ drpendence on rand r
0 

( ~i~ure TV-1~), while the 

8fj are only mildly affected. ThA dependence of the back~round 

0n thR absorber thicknesRes is also complicated. Hri is 

approximately proportional to A1 (within about '3<Y~); h0wever, 

there is also some dependence on A j<i. 'l'he H81 behave (luali­

tatively in the ~ame wa ~, as long an A5 ~ 2( r -rc) . 

...: 
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G. SeJ.ectjon ... of TE'r parametnrfl 

A .major task in des i gnin,cr TET was ·1_.he se lee ti on of 

the selection ef the values for the absorber thicknesses,Ai 

and t,he detector radii. r and re. We made complete mnrie 1 

calculations for nine differePt telescopes before achieving 

optimization of all parameters. 

1. Absorber thicknesseo 

Our choice for the overall length of the TET absorber 

stack was voverned primarily by considerations of the bick­

tround levels. Oetai.led calculations reve~led that the decrease 

in detAction effitiency and electron intensity above 100MeV 

(see the 1965 spectrum in Figure IJ-1) cause the background 

to increanA sharply. We Accordingly chose 120 MeV as our 

nominal upper energy. We chose 5 M~V as our lower ener~y to 

provide adequate separation from the gamma background below 

} MeV. Once the total telescope t 'hicknesri had bP-en dP.termirn~d, 

the selection of individual absorber thicknesses was made to 

produce nominal enerey intervals which were equally spaced in 

the logarithm of the kinetic energy. Th~ final values for the . 

absorber thicknesses and the nominal energy intervals are 

given in T~.ble J.V-1. 

2 . Detector radii 

After selection of th~ Absorber thickn~sses, the 

vnlues for thA detector rad\i wRre chosAn, We hHv0 oalculatAd 

oloc tron count in{" rfl t.eF. and proton back1~rounrt countinr.; ra ten 

for expected electron spectra :-1t 1. AU, ~t. 5 AU, ond \n i.nter-
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Table I V-1 

Table of ab8orber thicknesses and nomin~l energy intervals 
.for TET 

Absorb~r 
mm 

A?. 0.45 

AJ 0,75 

Al~ 1 • ',l() 

/\ '.) 1 , ? 5 

A6 2 • . 1 .5 

A? 2.45 

Thickness ,., 
g/cm.:. 

0,87 

1 .44 

? • 51 

3.3H 

,~ .15 

4,7) 

Nomin~ l B;n~rr.:y 
I nterv::i .l. ( MeV) 

5-14 

11-JO 

19- 'j1.J. 

)2-85 



f;teU.:'lr space. ('i'heDe spectra are .Jist-:1u~sect in sect~on IV.H.1.) 

Figure IV-lJ shows somP. representative ratios Bi/Ci as functions 

o.f re (holdinp.; rat its mF.tximum va.Lue, 2 cm) for each of these 

three spectra. 'l1he figure shows t.h9.t 1;he dependence on re is 

relatively weak, with a possihle minimum near 1.?':i cm. We 

therefore choose 

r - 2.0 cm 

r = l • 25 cm 
C 

The hackeround levels at 1 AU are relatively large, however. 

TET's main objective js the measuramAnt of the intnrstellar 

electron apectrum. The radiatiori hick~round repreRentn a 

neeligible contRmination to those meanurements. 



H. .TE'l' _Performance 

1. Energy Resolution 

Once the final parameters navP- beP.n chosen, the 

first step in evaluatine TET is to determine its reAponRe 

functions. We use the range distributions from Figure IV- 6 

to produce the response functions shown in Figure IV-14. ·This 

set of curves determines the energy resolution of the telescope. 

The FWHM of each cur~e is -100~ of the peak energy. 

To illustrate the energy resolution in a more mean­

ingful way, we have calculated the couniing rates in each range 

in response to the three spectra shown in Figure IV-15, Thene 

R) a possibl~ interstellar electron spectrum deduced 

from radio data at high enerRies with a power-law 

extrapolation to lower ener~ies, 

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 5AU for the samo soluti.on as b). 

The T~T counting rates were calculated from a numorical inte­

gration of equation IV-1, and are shown in Table IV-2. 

We have used a simple iterative technique to unfold 

the counting rates .from Table IV-2 and produce the points :=ihown 

in Figure IV-15. The nominal energy intervals from TablA IV-1 

are used with the counting rate data to produce a trial spectrum 

( shown schl?.matically in Figure IV-16i.l). For each et'et of detectors 
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TET counting rates. The electron counting rates ~re derived from the spectra 
shown in Figure IV-1,. The background count rates are calculated by -~he method 
outlined in section.· IV.F. • 

Range A . (cm2-sr} ElP.ctron Counting Rate (sec-1 ) Ba ckground 
l 1 ~u 5 AU Interstellar Rate ~-

D1D2DJ. 2.6 1.0 X 10-3 - 1•9 X 10 -2 8.8 X 10 -1 5 X 10-4 

Dl ••• D4 2.1 7.0 X 10 -4 7.0 X 10-3 2.4 X 10-l 5 X 10-4 

Dl ••• D5 1.6 7el X 10-4 4.3 X 10-3 8.7 X 10-2 5 X 10-4 

Dl •.• D6 1.3 
-4 6.9 X 10· 3.0 X 10-3 J.7 X 10-2 5 X 10 

-4 

Dl. ·, .D7 1.0 6.0 X 10-4 2.1 X 10 -3 1.7 X 10 -2 6 X 10-4 

• ....> 

'-" 



Dl .. ,Di. we multiply the the trial spectrum with the 1th 

response function and the detection efficiency an~ plot the 

result as a function of energy. · As an example, the resulting 

curve for D1 ..• LJ5 is shown in Figure IV-16b. This curve 

represents the contribution to the D1 ... D5 counting rate from 

electrons of each energy •. Inspection of this curve allowR tis 

to select a new D1 •. ~D5 energy interval {Figure IV - i6b), 

These refined energy intervals are then used with the counting 

rate· data to calculate a new trial spectrum {Figure 1V-16c). 

We iterate this process until a self-consi~tent spectrum is 

found. 'J1 he sequence converges qu i.ckly ( one or two i t~ra tions) , 

and produces good reproduction of the spectra, as shown in 

.l:<'igure IV-15. 

2. Hadiation Background 

a) Protons 

~e have calculated the proton-induced background 

for T~T using the methods outlined in section IV.F, These 

count rates are also listed in Table IV-2. Sinca the proton 

background is due mainly to the high-onergy portion of the 

proton spectrum, which . is only slightly modulaten by the sun, 

we expect the background to remain nearly constant with 

heliocentric radius. The 1 AU observations contairt a Rub­

stantial background contribution, However, tho background 

Jcvel is small comparP.d to the 5 I\.IJ electron spectrum and 

neglig.i bl.e compared to the intern tH llar spectrum. 'l1 he mear-iure­

ment of thA interstellnr Rpectrum representR TET'a prime 
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objective • . Simultaneous measurements of the 1 AU electron 

Rpectrum will be made with more elaborRte (and more massive) 

Earth-orbj_ting telescopes. The fact that relatively large 

uncertaintieR exiRt in TET's measurement of the 1 AU spectrum 

should not obscure :i. ts performance in the regions of r•-reateflt 

interP.S t. 

b) Higher-Z nuclei 

Cosmic-ray nuclei of t~2 incident on the front of 

l.elencope are entirely ~lim:irn,ted ba13e<:I on t heir 1:nP.rr:.v lo:=:F'eA 

ln U] Rnd . 02. Nuclei incidRnt on the ~\rlP of tho tol~ncope. 

for· two n.m::rnn~. 1<'ir'.1t:, they 3.re ·much .lF.>.sF: numerous than 

protons (-10%). !iecond, they havP. h.igher secondnry particle 

multi p I ici. ti es, and there fore a hirrher probability of trip.;r~Aring 

~ guard r1ng after an interaction. 

c) Gamma Rays 

The R'l1G gamma rays, which dominate thB gamma-ray - ' 

contr.i but.ion to the background , h::ive a RfH?.r. t.rum wh i.ch falls 

sharply near 2.5 MeV. 'l'he spectrum .for Compton and pn.i.r 

nroduc ti..on electrons has an even softer spP.c trum. Ll :i nr:H thP. 

11'1•:'l' •·.l\reshold i.s about 3.5 i\foV, we can rl .i.sc<Junt f.';:-1mm:~.-ray 

bacl<,vro11nd as c.1 ::;"l~~n:i.fjc~nt problem. 

".3. Weight 

'!1ET' s weight is very r,m::ill. 'rhe total we i..<.rht of 

the d0t.ect;nr.s and ::ibflor-berfl is about 1.10 f!,; the mechanic~l 

s111rrortr-; hr-ive ahout the sam,-' weight,. 'Phe ehictroni c~ 
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for such Rn experiment wou .lcl weigh on t he order of h()O P. (Vogt, 1972) . 

The total ex~ected weight is~ 0.6 kg . 
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V. CONCLU!3 ION 

We have descibed an electron enArgy spectrometer 

for the interval from 5 to 120 MeV designed especially fo~ 

the requirements of a deep space mission. Its small weight 

(~o. 6 kg) A.llowG the i nves ti1-::,a tion of' a number of scientific 

questions with a modAst share of the spacecraft's scientific 

payload. Extensive model calculations hav0 been used to 

evaluate ~1•~:T 's performance. We have dernoristrated, thro1,1gh 

the use of calibrflted response curvP.s, that '!'ET .i.8 capable 

of reproducing a wide range of pos~ibl~ electron spectr~. 

Using proven Monte Carlo ~nlculatlons, we havo shown that 

the hack~round due · to int~ractin~ cosmlc-rny protonR rloRs • 

not ~ompromise the measurement objflctivee. T~T'n nvRrall 

performance if.l adequate to make meaninr~:ful mea.nurements 

over the full range of conditions expected on a r.i0ep 8p8.ce 

mission. 



APn,I~1.nx A 

Range Ca.1.ibrations at NHL 

The calibra t i ons at the Naval Research Laborat ory 

l i near accelera t or (NRL) ~ad the goal of determining detailed 

range distributions for el~ctrons between 6 and 70 MeV. The 

calibration telescope (Fi t ure A-1) was similar · to the anti ­

cipated TEt, except that i t had no guard rings . Calibrations 

were ma.de with monoenergf't:ic electrons at 19 energies . Count i ng 

rates were kept .Low ("-'1 Pl <~ctron/10 beam dumps with 60 beam 

dumps/sec) t o minirniui th(• possibility of multiple electron 

events. 

r'or the cal .i br:.1 t:i.ons, tho te l.cscope used el.ectr·onics 

from the Goddard Multi-~t.nnde Ion Chamber balloon gondola 

(Cancro and Ryan, 1971). This apparatus was modified to 

accomodate the calibration telescope. Its use imposed one 

major 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 a.t each energy monitor inc; different ~eta of detectors . 

Of the six inputA to the ~ondola, five inpu~s were to pulse 

he j ght analy1.ers and one WM·'. to a single level discriminator . 

'.11he two conflgur,,tiom; usr.Hi. nt each enorr,y werea 

1. i.Jf.1 tee Lor};; lJl thr-outr,h !J.5 to the .PHI-\• s, D6 to 

t ll <.\ d i n c t • .i rn L nn l o r . 
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2, Detectors D1, D2, D5, D6, anrl D? to the PHA'~, 

D8 to the discriminator. 

In both configurations, D1D2 was th~ minimum coicidence require­

ment. 1rhe 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 ~ 06. The agreement of thes-e 

numbers between the two configurations was generally good . 

For each run, the pulse height distributions for 

each detector was plotted in a histogram. Each histogram was 

examined to detect any possible irregularity. A pulse height 

requirement was placed on detector~ D1 ~nd D2 -to eliminate 

low channel noise and a small (~ lo%) but obvious . pile- up 

problem. The results of these calibrations ar~ shown in Figuie 

A- 2. This graph shows the fraction of ev•nts which are 

01D2 ... 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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AF-PENDIX B 

The GE~S Scattering Exper i ment 

The purpose of this experiment was to determine the 

electron detection efficiency as a function of incident el~otron 

energy ~nd detector radius (r
0 

in ·Fi~ure IV-le). The det~ction 

efficiency is the pr.obability that an electron will not 

scatter out the side of u ,~i te] escope and trigger one o.f the 

'rF~'l' guard rings. fr'or purpnn~s of th.is experiment, the guard 

rings hA.vP. been replacP.d t. .v a pl;:istic ~r.inti.11.at.or cup which 

covers approximi, te l.y the ::::unn nol i cl ang] P. ns 1:hP. ri nr.:s. This 

experiment wns porformArl :1t the Gulf Ener~y nnd Environmental 

.Systems (GEm.:i ) li.nenr acr.P..IHrator in April 1973. 

Thn a ppara t11s •med for these measue·ments is shown 

in Figure B-1. It consi.s ~od of a passive scatterRr surrounded 

by a plastic scintillator cup (S4). Two flat counterR and a 

hole counter were used to col].imate and count the incoming 

electrons. The cup co~nt~ the electrons which leave the 

scatterer.. Sinf•~ evon at the hi.r,-hest electron energy used 

in thjs exp~rimcnt (J5 MeV) nnly a few percent of the electron~ 

have a rane;P trHatP.r than the lenp;th of' the aca.tter. the cup 

countA primari ly electronn which leRve the scattere~· from the 

side. D0t.;:i.i l ::; on the GOtP1t.r?rs :n·P. tfiven in '11able B-1. 

We m8.d.e rum; ;it· three fdectron flnergies (to, 20, and 

35 MeV) with twn d i fffiren-1: r.:G~11.tcrers ~nri with two different 

holo courrt.,~rs. 'J 'hr~ r-:cn t.tPr·P.rs differed only in their radii, 



'l1able B-1 

Table of GEES scattering experiment counters. 

Counter 

S1 

DeAcr-iption 

2" X 2 II X 
1 .. 
TI N.!!: 1.02 

2" X 2" X i" NE 1.02 

4" X 411 X ~ tt 
'1 NE- 1 02 ·with 1 " diameter 

throur.;h center 

4" X l.j, II X 
j. tt 
4 NE 1 0?. with ... " rli8.meter 

through c,rnter 

Pl::i.r.;ti.c scint ·i1Jr1.t0r cup, 5" :long,~" 
thick, 2a" outside rliamAter, with 
1i" hole in bottom 

ho'le 

hole 

All countt➔ rs are viewed throur:h attached luci te I ir;ht p:i.pes. 



1.25 ohd l .~ cm. Th0v WAre constructed to simulate the 

rentr·:,J portion of T!•:•r (r'i1~ur-e B-1b). They conr.is-t:P.cl of 

alternatirw ctislrn of nluminurr. (to si.mulate the s.il:i.con dP.t0r~tors) 

nnd lead (to simulate the tun~sten nbRorbers). Wa usP.d th~ 

t.wo ho.lo counters, ~-;'3 ;:i.nd SJ', to compn.re rP.Rult!:: obtained 

unde- slightly different experimental conditions, in order to 

rlf}tflr:t r:i.ny obviouR bi.Hf:, 'I'hP- use of the sm::ill hoJ.~ c·ountrr 

SJ ' nlsn ~llowed us to investi~ate the detection effirlRncy 

ar; a f'•mction ()f the ronition of incid<rnce of thf) nleritr.ons. 

~greement , and the rl0 ·tection efficiency showed no markBd 

dependencR on the point of inciden~e . 

The electronicn (¥Jgure B-lr) used fast NIM modal.es 

h11ilt by l.!:1~&U. The ~oi.ncidence timing wr1s rlone w:d .ng a 

Rtora~e nncilloscope to an accuracy of about l nRnosecond1 

the total coincidence resolving time wns about 20 nanoseconds. 

'L'hin time was short enough to malte Red.dental coinci.dences 

negligible in all but three runs. For each of these runs, a 

separate run was made under identicRl cond.itions with a 32 

nscc de lay introduced into the timing in order to correct for 

• J • • A R lJ 
106 h acc1ctenta . co1nc1dAnces. source wan used to nett e 

high voltaRes on the PM tubes and the threshholds on the 

discriminRtors. It was possible to do this with ~ufficient 

• 0 u106 . . accuracy , s J nee t.he n p::1 rt 1clFl'.1 F.tre ener1~P. t.:i c enough to 

:ienerate coincirlnnc1;::; br. tween two counters. 

nn oscillo:~cope on the 80<~ond countP.r, mini.mum-i.onizi.ng pulses 

from the first could he obnerved directly. 
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APPENDIX C 

The STACK Program 

1. Descrj.ption of the Calculation 

As described in section IV,F. STACK was wr.i.tten to 

calculate the probabilities P 8 i(E) that a proton of kineiic 

ener~y ~ incident on the side of the telescope would simulate 

an electron D1V2 . . ,Di evento Because o.f the complexity of 

the situition and the unavailahility of experimRntal data for 

comparison, we limited ourselvBs to attempting· to make a 

reasonable estimate (accurate to ±.~5o%). 

We have assumed in STACK that the detectors are 

infinitely thin, This assumption makes the probJ.em easier 

to handle in two ways1 

a) It makes the calculation simpler geometrically. 

b) It el i.m1nates the need for separate sets of.' 

cross - sections for detector and absorh<-ir materials. 

Since the detectors contain only ahout 10% of the total 

mass in TET, tho error introduced by thi~ 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 hiRtorins to trAce . For 

each proton, S'J'ACK uses c1 random numb0.r r~emirator. to choose 

rl point and an1:,le of inci.d~rncf1 on t.he s.i.<l(•' of the tP.lenrope 

with dini.ributiom; ror-r<'npondirw: to an iRotropjc proton flux. 



The progrnm detArmineR whether the particle penetrated an 

Rnticoinciden~e ring upon entaring the tele8cope. If so 

(see proton a, Figure C-1), that fact is recorded and the 

prNrram Rtarts the m~xt event. If not, STACK 1etermines 

whether the particle interacts in the telescope or not (proton 

h). If the proton interacts, STACK ~enerates the number of 

each type of secondary particle, the range of each Recondary, 

~nrl its direction of travel. Each secondary is tracerl to 

determine whether the event sjmulates an electron event (proton 

c), or whether it falls in some other classification (protons 

d And P.). Aftnr. the desir.·ed number of rroton hiHt:or-iflR have 

been nna:i.v·;;,,e<i, S'l'ACl\ pr"intr; n. nummary contn.i n ing the number 

of (~nch type of ,went. The probabi l i.ties for each type of 

event is c~ i. ven by the number of that t,vpfl of event; rl i. v ided 

by the total numbAr of protons traced . 

The pro~ram was run for incident protons between 

500 and 2000 MeVo below 500 MeV, the pion production cross­

sections get very small, and the probability of simulating an 

electron event is correRpondin~ly small. Above 2000 MeV, WA 

have n1rnurned th:1t the probabilities rernRin conr-;tant at their 

2000 MeV vrtlucs. 'I'he probn.b.i.l i tien are ner-1.r.l.y constant 

between 1000 and 2000 McV (.l<'igure IV-1?). In :1ctdition, the 

proton spectrum fa.l lR at hivh ener11:ies so that devi11+,i.ons 

from a constant probability at high enerRy would hav0 ~ small 

effect on the ca.le u I.a ted backvround rates, 
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2 . Cross - sections 

STACK are1 

11'he cross - sections anrl distributions used in 

a) Primary interaction length 

Several nuthors give vaJues for thr• inter action 

length in tungsten or lAad (Chen et aJ . , 1955; 

Galhrait~ ~nd #iJliams, 196J ; Bert1ni nnd Guthrie , 
f") 

1970) . 'l'hnr:e val1rn::: arP ;-i_ l l within ~5% of 200 v/cm'· , 

the value whlch wo used . 

b) N111l tip.l..ic 1 t ies 

In general, the nurnbcr of ~:e<:ondat:'y pr'> 1·.01Y~ Hnd the 

numb0.r of secondary pions Rre correlated . Bertini 

and Gu thr .i.c ?i.ve these rorrelated probabil i ti.es for 

protons lnoident on learl between 500 Bnd 2000 M0V. 

STACK uses these data jn ta~ular form. 

C) Enerp:y and :1ntu .lar d 1.r-;·r-.ri but.ion of !-~or:ondari P.fl 

'l'hese distribution~ arf) nctual.ly c<>r-r<')laterl and ar.e 

::i function of thH primHr:V en0.rp;y. Howc:>ver, w0. ll::c1.v<-i 

used enerrr;.v :rnd anr,u l ar d ir, t:ribut\om~ whi.ch r1.re 

indPpendent of each other a nd i n<Jependent of pri 1M1ry 

fied in connection with the F11Nf pro~ram, whose 

prerlictions werP confirm~d in accelerator ~a l ibrRtionp 



Guthrie are compared to the distributions used by 

STACK in Pi ~ure C- 2 . This figure showR that the 

a s sumption that the angular distr i butions are 

independent of the prima ry energy is va Jid within 

the desired accuracy of this calculation. For. the 

secondary proton energy distribution,we have used 

1·-1 • 2 
A' t 'b t' (E • t' ) b t an 1 u:is r1 u ,1 on = lc1ne ,J.r. enerp;,v e ,ween 

?5 Rnd 500 MeV. This choice has the R~me energy 

dependence as dnt~ given by Camerini et al. (1950) 

and Metropolis et :=i. 1. ( 1958). and has a pproximately 

the same average energy as that ~iven by Bertini 

and Guthrie. All pions are assumed to have 

ranges greater than the dimension of the telescope , 

which agreeR with t he aver.are pion energy ~iven 

by Bertini and Guthrie. 

3. Estimnte of errors 

It is a diffi.cult task to estimate the uncertainty 

in a calculation such as this one. We f irst note that STACK 

was model1ed a f ter r,LIN'!', whose renul ts agreed quite well 

with calibrations of the Cal tP.ch Po<e nmr;e tel escope. We 

believe the major sources of uncertainty to be as followsa 

a) Althou~h the inter.action length used by STACK 

is the accepted value i~ the literature , i ·t was 

found that .d.J. N'r best agreed with thf3 calibrations 

i f a v::i. lue ~ 20·:1: sm<1l.ler was u:;:ed. Such B.n error 

affectB our dal.R .line11r.ly and we estimate thiR 



uncertainty at 25% . 

b) We have ignored about 10% of the m~ss of the 

telescope by assuming infinitely thin rletectors. 

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 

distribution , The estim8ted uncertainty due to 

this source is ,v25% . 

OvE~rnl..l, we estimate F.tn uncertainty of 'vSO% in our results. 

However, we point out that even if relati.veJ.y lar,~e abso1ute 

errors exist, it is probable th;it the r ,dati.onships among 

:,'1'ACK-calc1llated numbers :ire nti.J.1 approxirnc1teJ..v corrP.r.t ~ 
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.l" ·ir'.vre l'.t-1: ca ·1culat 1~d e.l.cwtron i:-:n~1ctr:1 neRr Earth, 1965-1970. 
r11hu Vl-3riat.i on bt~twe,,.n ye:1rs is the :E-)s11:t t of nolHr mort11lRtion. 
'rhe sµt>ctra :➔ re thP. rnsu.l t. of a cosmic-ray tnrnspnrt c:::J.lculati.on 
t.o stuc1y the entry of cosmic-ray P. !.r-~ctrons .i rito the i nnor r:olar 
system. ThiR c~lcuJ~tj.on nssumed ~n internt~ll8r elnc:tron 
r:pectrum whi.ch ,.1p:reer., with rad; 0 RRtronomy dat::i above ?00 MeV, 
wi.th :., power-law extrapolati.ol1 to lower enr-•nr,ies. '11

hH mod1,IA.­
tjon p:ir;:i.meters (d.iff'imion corffir.iP.nt, P.t.c .. ) WP ~"P. tl'leh ad­
.lusted to produce a.n:reement with 0bservntion~ .for ~!1e'1 year 
(Cumm~n:'H , l.Q??.). 
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Figurn II-2 t Non~thermal KBlactic radio power spectrum in the 
direction of the galactic anticenter . The top scale gives the 
characteristic ~nergy of the electrons responsiblR for the 
emission at each frequency, assuming a galactic magnstic field 
o.f ~1 )(gauss. '£he data are takirn from Webber ( 1968) and • 
Alexander et 81. ( 1969). 
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Figure III-la a) Schematic cross-section nf the dE/dx-range 
telescope used by Meyer and Vogt (1961, 1962). 

b) Schematic cross-section of the dE/rlx-E electron 
telescope used by investi~atorR at the God~ard SpBce Plight 
Center. 

c) 0chemc1tic croRR-section of thA Uni.versity of 
G h icat:~o gns Cerenkov te l0Rcope . 
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Figure IV-ls a) Functional schematic cross-section of TET. 
b) Cut-away drawing of a . grooved solid-state rlet nct~r 

of the kind used in TET. 
c) "Schematic cross-Rection of TET, drawn to scale. 
ct) !::>implifj ed 1rE1l' electronics. 'l1he mini.mum coin­

cidence rer1ui rement is IJ1Ll2DJD8G. Jo'u] 1 event readout inc lucle8 
two PHA outputR and a liAling df which detectors hnve b0en 
tri gr:ered. 
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~,chema tic cross-section of the Cal tech P0c.e ran{?;e telescope . 



r'igure IV-.'31 Event type distributions from Pcxe range telescope 
ca l.i. brat ions. 

a) Fraction of total D8 (Po<e D8 is the cup) events 
which are D2i events as a function of energy. The error bars 
represent the statistical uncertainties. 

b) Same aR a) except plotted for 08 events. 
c) Cnmpari.son of LhA curven in a ) and b). The 

curves for 026 are identical . rhe differences between the 
pr-d.rs of curves is smaller than the stati.st.icr.1.l uncertai.nty 
i. n the dn tn . 
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28 

Typical enen~y-lonn di.1:trib11tion f'or· P-le r. trom1 in a solid­
ntate <h•tocl.or. '.Phi!-~ p:tr•1. i<:ul:-tr <ll r~t.r1buti.0n iA for??. MeV 
P..l.er-trons ln a ;.-.•-; rnrn Li-- ·lrift<irl rltd.<><":tor, '!'he point; marked 
6E0 t'P.prn1.:1rnl;r: tt11) mi.nimwo-ionizin1-: criterion wrnd i.n the 
di fH~U8 r.: ion. 
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Probability that a proton of kineti.c energy will 1;-;aisf,y 
the minimum-ionizing r·equirement. Gurve a is Pm(p1E)/P m(e) 

(single energy loss measurement). Curve bis 
L'mlP,il:!:) 2/Pm(o) 2 (douhle energ,v losr, meR::;urement). 
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r'.ir-uru TV-6: ProbAbi 'Ji ty plotr: of ranp-e rt.ii:ltr.i hu ti om; for 
monoenergetic electrons in tungsten. The graphs show the 

_ fraction of electronR with range l~ss than a ~iven value. 
kepresentative error bars are shown. 

a) Pcxe range telescope c-:.i]ibrat-ion datr-l. 
b) NRL calibration data. 
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r'igure IV-'? 

Median ranf~e of electrons in tunr.;s ten V'·' rGus ener/~Y. 'l'td.s 
,,,ra_ph :~umm:-ir ·1. 7,Ni the r:emi l.t:1 of thn Porn ru1d NfH, r.:•t Ii br-;'\ tions 
f'rom l" .i.gure l V -1> . 'l'he poi nt8 r1~ pr.·r,:-rnnt the mP.rl.i;.u1 rn n,,r8. ThP. 
error hnr:; indicate thP. w.icith of' thP. r,ir1P,e ,Ji.~tri t>ution; 16';£ 
of the e.ln0trons haVf1 ran,~e::-: abOVf·! th~ error t>ar H.nrl 16% below. 
The !=lffi1)() th curvn i.B from th(·! tab.le of pa th.I enp:ths for ~ lectrons 
in leHd c:t.l.culat<-?d by lfor,,;,)r and S0.Lt1.er ( 1964) •' 



Figure IV-8 1 Electron detection efficjpncy versus jncident 
energy fr.om PO<.<-.) cali.br.ation (l:-1.t;:i. 'l'hP- PO<e rr:tnge tc-)lei:-;cope 
rorreGponds to re = 1.2 cm. 
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r' iE,:,ure JV-Q1 Resu1 tr,; o.f t.hP. G1•:ES r,r.atterinp; experiment. 
rn~1ctron detection efficii)nc,y is nlntted ver~us 1-rnerr1:y for 
v:due::: of re. 'l'he lowe!it. Pnergy P~n points from ~, jr;ure IV-A 
:·t ,~c r-,'lno shown ·for comp~rir-;on. 
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Figure IV-10 

~he two types of proton-induced background events. The t wo 
types are described i~~ection IV.F. 

., 
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Figure iV-11, r'robabilit:ies Pf_(.E) of n proton r-;imulat·ir:r; an ' 1 . 
,~lee tron <~vent. 'l1 he represent.a tj ve err0r ·ha rs reprr~s<>nt the 
!:t,d:i.stjcaJ •mcortainty i.r the MontP. Carlo c;1Jc1.:l?t1.0n. 



-"" I 
0 

\Or----------------------------

8 

6 

X 

• PJ:3 
A Pi:-5 
X P,:7 

~ 4 
x~ 

• . . "---x-----i ·-LL 
ll. 

2 ·----. I ... __________ ! ___ 4--A 
---·-- • ! 

0 • 
0,5 J.O . J. 5 

PROTON KINETIC i=-NEP.G 'i (G eV) 

Figure I Y-11 

-. 
2.0 

(X) 
0 



81 

Firure IV-121 Probability PRi(~) of a sidA-incident proton 

r-imula ting an electron event.. Probabi Ji ti en for t.hr'N' values 
_of re :1re shown holding r t'i x~d ~t. i.ts mRxlm1;1m va~I.H~ ?..O c,n. 
~rror bars r.eprnsent the stat10t.1.r.1d uncertr-11nty 1n thr.i 
Monte CqrJo calculation, which are comp~rablff to ~h~ eRtimA ted 
n~ror~ in t he nalculRtion duA to errorn in 1he nro~n-~nctions. 
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Fi~ure IV-1)1 Back~round countinr rateA compnrnd· to electron 
co~nting rRteR at 1 AU, 5 AU, and in interstellar space as a 
fu~ction of d~te~tor.radius re . Thn error b~rs are the_re~­
nt1ve uncert~1nturn 1n the po1nts1 the ~bsoJutr. t1ncerta1nt1es 
;i. re nt ,out n f a ctor of J 1Arr;er. 'l'hn el ectron spec t ra used 
for thene calculn t ionR Bre nhown in flFure JV-15. 
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, •• i ;,i, r.-e l V-141 1l1r;•1· re ::: ponse functions. 1l1hese curvP.s Mhow 
thf' .t'racti.on of electronB trir:gerirw eHch dP.tector r.omhj nat:lon 

:u; a t'unct\on of enerp;y. 1l 1hP. .l<,WHM of' P.~ch curve~ d.i.vir1,,r1 by 
the peak energy io about. 100%. 
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F' i.!~ur~ IV-1 '51 Possible P.lectron r.pP,ctr~ at thrP.e nistances 
from the ··~un ( ~oJ id linen) an<i Tl!:11' r.P.productiori of' thP. spectra 
(points). ThA interstoJlAr spectrum iR dertvnrt f r om radio 
d8ta at hi gh energy wi th~ power-Jaw extrapolRtion to lower ­
nner,,-ies. The othP.r two r-1 pectra ::ire l:~ken from thf➔ numericn] 
f~olut .i on 1:o th1 i ~~okker- Planck eqw=ttioP used in F; r:11rP- II-1. 
(Curnn,inp;s, 197?) . 
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Figure IV-161 Schematic diagrim of th~ technique used to 
unfold the TET counting ratP.s in .Table IV-2 and to produce 
the points shown in FiBure IV-15. Thi~ method is described 
in section IV.H.t . 
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~i~ure 8-11 a) Schematic cosR-Rect i on of the ~ount~r arrange­
ment of the GEES scattering experiment . 

b) Schemntic cross-sect.ion of thfi scatterer . 
c) Block rtiagram of thP AXpAriment electronics. 
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Fie;ure C-1 

Examples of typical interactions of side-incident protons 
in the TET telescope. 
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!".i gure C-2 a A n:-~u lar di stri but ions of sf.!condary protons :=ind . 
pionR used by ~TACK . These grRpha Ahow the fraction of particles 
D.t an ang.l.e between e and 0+A0 (with r~spect to the rtirect.ion 
of travfd of the incident oroton) rl.i.vi r.led by L:}cos 0, The 
points arc from the intran~clear CQSCRde ca~.culat\ons of 
Bertini nnd Guthrie (1970) for protons incident on Pb . The · 
lines show the distributions used by STACK . 
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