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ABSTRACT

A set of electrostatic analyzers and solid state delectors
were tested to deterrine their suitability for use on Apollo lunar
orbital missions., The electrostatic analyzers were reguirsd to
have high sensifivity to the low fluxes of energetic solar elections
while at {he same time they were required to reject large fluxes
of solar ultraviolet. To obtain high electron seansitivity, five
funnel-mouthed continuous channel elecltron multipliers were used
in parallel which gave a total geometric factor of 0,63 crnz sr keV,
To reject ultraviolet the electrode plates were serraled and coated
with gold black., This procedure reduced ultraviolet intensity
reaching the detectors by 12 orders of ma.g_nltude, The soll1d state
detectors were required to have low electron eneirgy threshold,
high resolution and low noise counting rate. Results show that a
lithium drift detector can be used for electrons with energies as

low as 5.9 keV.
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L PURPOSE

The purpose of this study was to develop an array of charged
particle detectors suitable for Apollo lunar oibital massions, The
proposed array consists of four elescirostatic analyzers and two
solid state detectors. The electrostatic analyzers were designed
to measure electron fluxes at four different eneirgies between 0.5 keV
and 15 keV. The solid siate detectors were designed to measure
electron fluxes belween 20 keV and 320 keV and proton fluxes bet-

ween 50 keV and 2 MeV,

iI. THE ELECTROSTATIC ANALYZERS

Each electrostatic analyzer consists of two concentric hema-~
spherical elecirode plates wilh a positive potential applied to the
inner plate, Electrons of the proper energy thai enter ithe plates
are deflected 180° into a continuous channel election multiplier
(CCEM). The proper electron energy 1s determined by the radn
of the plates and the applied voltage. Table 1 18 a summary of
the characieristics of the four anal;zers proposed for lunar orbital
xaissions. The third analyzer A3 has two CCEM's of different
sensitive areas to provide a wider dynamic range, Thus A3 has
two detector outputs Csy and (34. Figure 1 1s a schematic section

of one of the analyzers,

Particle Response

The response of an electrostatic analyzer i{o incident particles
depends both on particle energy and incident angle. The response
can be defined as the ratio of the observed count rate,

CR(counts/sec) in the analyzer to the incident flux, J(partlcles/cmzsec),
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of particles at a given energy. E(keV), and incident angle, a.
If we integrate over all incident angles we obtain the geometric
factor, g(E)(cJ.nz sr), as a function of energy. The response of
each of the proposed anslyzers was calculated numerically and
tabulated against particle ene:gy and incidence angle to form a
transmaission matrix. The transmaission malrices for each analyzer
are shown in Tables 2, 3, 4, 5 and 6, The method for calculating
the transmission matrix i1s given in Appendix I. The particle
response of detecior 05 was verified experimentally in the labora-
tory., The results of this test are presented in Figure 4. The
results indicate that the beam 1s deflected by 4° before entering
the analyzer, This 1s probably due to fringing of the electric
field between the plates at the entrance to the analyzer.

Uliraviclet Response

During lunar orbital missions ihe analyzers will sometimes
look diiectly at the sun, which 1s a potent source of ultraviclet
radiation. Since CCEM's are sensifive to uliraviolel we had to
develop a means of preventing ultraviolel from reaching the CCEM's.
A low background count rate due to solar ultraviolet i1s required to
obtain the minimum detectable particle flux thresholds required.
Table 7 summarizes the background level requirements for the
analyzers, Since the flux of ultraviclet from the sun 1s about 1012
phoi:ons/crr.t2 sec, the design goal for C5 required reduciion 1in
uliraviolet intensity by a factor of 1014. To lest for uvltravioleti

rejection in the laboratory we bwlt a hydrogen arc lamp  The arc

lamp was calibrated with a gold diode and found to have an intensity
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of more than 1012 pho’tx)ns/’crn2 sec of hydrogen Lyman-g ulfra-
violet,

To prevent ultraviolet from reaching the detectors the
analyzers were sealed such that ithe only way for radiation to reach
the detectors was to scatter between the hemuspherical plates. The
plates were coated with gold black to absorb the ultraviolet, Golid
black 1s formed by evaporating gold in 1 mm Hg pressure, The
evaporatied gold condenses into spheriods of approximately 1 maicron
diameter and are deposited on the surface. A thick coating of
spheriods acts as a radiaiion {rap., The fotal integrated reflectance
of a gold black surface to hydrogen Lyman-¢ 1s 1. 9%%.

A C5 detector with gold blacked plates showed 11 counts/sec
when 102 photon/ em® was normally incident on the analyzer. Since
on a spinning satellife an analyzer would be looking at the sun oaly
a small fraction of the time, the background count rate would be
1,1 counts/sec 1n flight.

To further reduce ultraviolet background we seriated the outer
hemispherical plate. The serrations were designed to scatter light
back out the entrance to the analyzer (Figure 3). We tried a CS
detector with 11° serrated gold blacked plates and obtained a count
rate of 4 counts/sec when 1012’ ]_:nhotorls/(:r.n_2 sec was normally
wncident on the analyzer. Serrations of 35° angle were found to be
superior to 11° serrations. In this case ihe 05 detector showed
0.4 counts/sec with normally incident 10%2 phOtOnS/CInz sec.

At angle greater than normal mncidence the background rate 1s

higher., For instance for the C}4 detector at 18° from normal the

background level i1s 50 counts/sec as compared to 3.2 counts/sec at
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normal incidence of 107~ photons/cm™ sec, In flight the ultraviolet
background can be reduced by utilizing a sunshade to prevent laige
mncident angles, Fagure 4 1llustrates the effect of a sunshade. A
factor of 12 improvement can be obtained by a sunshade Z inches
long., Table 8 summarizes the expected background count raies due
to solar ultraviolet in each of the analyzers,

Cosmaic Rays

Another source of background count rate in the detectors is
cosmic rays. To eliminate cosmic ray background detectors 04
and CS were suirounded by a plastic phosphor scintillator and a
photornultiplier tube. Thus when a cosmaic ray passes through a
CCEM detector it also causes a flash in the scintillator and the
count in the CCEM 1s then rejected, The particles that the analyzer
selects are much less energetic than cosmic rays and cause counts
only mn the CCEM, To test the ability of the scintillator to reject
cosmic rays we used the test set up shown in Faigure 5. Scintilla-
tors A and B are arranged such that when there 1s a coincidence
m A and B a cosmic ray must have passed through the scintillator
shield C that we want to test. If C were 100% efficient then
lWhenever there 1s a coincidence hbetween A and B then there should
be a pulse from C. In the iest we found that the shield surrounding

the C5 detector was 3% efficient,

Defector Lafetime

The gain of CCEM!'s 1s known to decrease with lifetime. We
tested iwo Bendix type 4219 '"Spiraltrons' ihat we propose io use

with the analyzers., The results shown in Figure 6 show that the

9

gain decreased from over 108 to 1.2 X 106 at 8 X 107 total
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accumulated counis and count rate of 6 X 104 COllr;.tS/SEC and staved
at that level to the end of the test at 2 X 1010 total counis. The
test also showed that the gain recoveied considerably whenever the
source was turned ofi. We also found thal the gain was greater al

n
lower count rate. At the end of the lifetime test we operated the
CCEM at lower count rate (3.2 X 10° co;mts/sec compared to

6 % 104 counts/sec) and found the gain increased from 1,2 X 106

to 4 % 10°.

Hi. SOLID STATE DETECTORS

The two solid state sensors are identical excepl for a ihin
foil {(about 500 p.gm/cmz) over one detector, KEach detector consists
of two back to back sem:iconductor detectors of 25 and 50 cm.2 area,
The {ront detector has an electron threshold of 20 keV at room
temperzature, Protons from 50 keV up to 6,0 MeV can also be
detected by this detector.

Particle Response

The foil produces a drastic shift in a proton spectrum but a
small shift in an electron spectrum., Thus 1t 1s possible to sort
out proton from electron spectra in a statistical way. The key to
making a foil system from which false conclusions cannot be drawn
1s that the thickness of the solid state crystal is the range of a
300 keV election and the thickness of the foil 1s the range of a
proton of the same energy. In the open detector, electrons in the
energy range 25 to 300 keV and protons in the energy range 50 to

300 keV are detected together and cannoi be separated but protons
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of greater eneigy than 300 keV are detected unambipguously, In
the foil detector, electrons in the energy range 25 to 300 keV
are detected with protons in the range 300 to 450 keV. But the
measutrement of grealer than 300 keV protons fiom the open
detector allows us to subtract the proton flux from the electron
measurement i1n the {oil deteclor.

Detector Performance

The solid state detector systerm has been investigated to
determune the following properties
1, The maximum electron energy resolution that can
be achieved,
2a The lowest energy threshold that can be measured,
theoretically as well as practically,
3. The effect of operating temperature of the detector

telescope in the spacecraft on peiformance.

4, The maximum counting rate without pulse heaght
disiortion.
5. The kind of electronic circurtry required to obtain

an optimum performance of the detector.

The amount of charge generated in a solid state detector by
an incident electron is proportional to the electron energy. Noise
15 generated continuously in a solid slate detector by random
fluctvations in the leakage current. Any charge pulse due fto an
incident electron 1s superimposed on the noise, Thus, {he pulses
from electrons of a given energy have different pulse heights

depending on the noise.
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A pt}lse height spectrum 1s obtamned by plotting number of
pulses accumulated against pulse height, If there were no noise
the pulse height spectrum from electrons of a given energy would
be a parrow line at a single pulse height. With noise the spectrum
becomes a broad line, The amount of broadening or resolumnon 18
measured by the difference of pulse height values (full width} at
one half the mamximum number of counts accumulaied, and 1s usually
given in units of energy smnce the pulse heights are calibrated againsi
energy.

The lowest energy electron that can be detected 1s delermined
by the background counting rate due to noise that can be tolerated.
If the minimum electron energy threshold i1s so low that its pulse
height 1s nearly the same as the noise due to leakage current fluc-
tuations then there 15 a large noise counting rate. If one wants to
measure low fluxes of electrons then the electron energy ihreshold
must be raised to a point where ihe background counting rate due
10 noise 1s tolerable.

It 18 desireable to have a system with low noise since both
resolution and energy ihreshold can be mmproved. In order 1o
understand how minimum noise can be achieved, a brief description
of the theory of noise generation in a solid state detector and elec-
tronic circuitry 18 required.

Current Noise, When voltage 1s applied on the solid state

detector, 1t generates shot noise due to random electron leakage
current fluctuations.,. We are interested in the average charge

deposit from noise. First we calculate the average of the square



of the variations of current over a certain time

.y 2 & 2

b = (1, - 1) = T ) (1 - 1q0) @
where

ib = spontaneous current generated by one elesctron

L, = instantaneous current composed of superpositions

of a number of electron deposits

I average cuireni over a large time interval

de
T1 = time interval over which current is integrated.
Faigure 7 1llustraies the fluctuations in the current. To

obtain the average current distribution for a number of electrons

in a certain time we apply the Fourier analyses. The outcome 1s

" = 2qly Af (1)
where
q = electron charge
A f = frequency bandwidth of the circuit of which noise

B 1s generated,
Note that widening the bandwidth in a circuit application increases
the amount of current noise,

Voltage noise. Voltage noise 1s due to thermal interaction

between free electrons and wvibration of ions in a conduciing medium,
which 15 normally a resistor, The formula'that expresses voltage

noise in a resistoras

* H., Nyquist, Phys. Rev. 32. 110, 1928
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Ve® = 4 KT R AS (2)
where
VR. = voltage across resisior
k = Boltzmann constant (1.38 x 10"23)
T = temperature Kelvin

resistor wvalue

A f = bandwidth
Note that widening the bandwidth increases the voltage noise. Thus
the frequency response of the circuit determines what the noise
performance will be hoth foir voltage as well as current noise,
Since the solid siate detector deposits a certain amount of
charge when penetrated by an eleciron, we are interested in the
charge due to noise. Integration of equation (1) and noting that

Q = CV 1n equation (2) to obtain charge gives us

Z c?
Qtotal =2ql, 7Tt+4kT R = (3)
where
Q = total RMS noise charge
T = El'f_' = RC = tame constant of preamplifier
R_ = main series resistor value that contr:butes to

noil&e. In onr case Rn 15 .65 x—l— for field effect
m

transistor, Em 18 transconductions.
C = total capacitance parallel to the main resistor,
contributing to noise. That 15, detector capaciiance

+ field effect input cap. + wiring capacitance.
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To simplify the noise calculation of the solad state detecto:r and its

preamplifier we can assume that

1.

The solid staie detector contributes mainly to current noise due
to leakage current. The voltage noise can be neglected since
Rn i equation (3) 15 exiremely small for the detecror.

The preamplifier noise will be mainly generated by veltage noise.
As noted earlier this voltage noise depends on the value of the
golid state detector capacilance. The value fo: Rn in the for-
mula will be obtained from the transconductance of the FET,.
The current noise can be neglected since the leakage current
(gate to source) for the FET will be very small compared 1o
the leakage curient of the detector, That 1s a factor 10-100
smaller depending on the type and selection of FET. Figures
8, 9 and 10 have been extracted f_r;m equation {(3), corrected
for shaping time constant, The correclion factor is explained
in the section on the Electronic Circuit,

Noise produced by parallel resislance on the detector svch as
bias and feedback resistors 1s calculaled from equation (2)

with Norton's theorem, that 1s, after integration

Q% = 4 kT

tdﬁ

b
The effect of this source on the total noise 18 small, as shown

in Figures 8, 9 and 10.

Temperature Dependence of Solid State Detectors. The detector

1s essentially a PN junction reversed biased under operaiing conditions.

The leakage current, the main source of noise, depends on tempera-

ture.

small voltage potential across the diode

The total leakage current i1s given in the diode formula for

¥

1 =1, (4V/KT Ly
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%
Io 15 the reverse currenl and 1s mainly determined by recombination
of minority carriers. For large negailive voltages Io will not be
affected by voltage change since the junction contact potential 1s

determined by the manority carrier concentration, The leakage

current for laige negative voliages 1s \|

- ar, (2)

Id 1s the mainority carrier diffusion coefficient, Pno 18 manority
carrier concentration, g 1s electron charge, T 1s the average life-
time of minority carrier,

The minority carrier conceniration 1s given by
-q
e qd/kT

P = P
no po

(5)

Pno 15 minority carrier ‘concentration, PPO 18 majority carrier
concentralion, g 1s electron charge, ¥ 15 contact potential, k 1s
Boltzmann's constant and T 1s temperature °K. It can be seen
that the leakage current or detector noise current 1s highly tempera-
ture dependent. The wvoltage noise, however, s determined by the
capacitance of the detector and input of the electronic amplifier,
Cooling of the detector to obtain low current nocise will not be
effective, when voltage nocise set by capacitance turns out to be
the major cause of noise., For the detectors we are using, the
operating temperature should be around -50°C for sufficient per-
formance. The performance of the system will be given later for a

temperature of -50°C,
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The Electronic Circuit, The maximum counting i1ate ihat

can bes measured 15 mainly determined by the slectronmic circuitry.
That 1s, the time per pulse set by RC = T deiermines the noise
perfprmance. It can be seen from equation (3) thal current noise
1s proportional to T and vollage wmversely propoitional to 7. The
value of T should be determined for the type of detector to oplimize
noise performance. In oider to keep the pulse duration short, a
single differentiating-double integraiing network has been designed
to obtain a low noise, fast response amplifier system.

The preamplifier amplifies charge. The amplification factor
1s set by the feedback capacitor value. The value of RC of the
feedback nretwork determaines the fall time of the wvoltage cutput
pulse. This RC wvalue 1s taken 1o be greateir than 200 y sec. The
differentiating network culs down pulse duration and low frequency
noise., The wmilegrating network cuts down high frequency noise as
shown :m'Flgure 11,

In order to obtain the best signal to noise raiio, the two noise
contributions, current and voltage, should be equal. The pulse
shape for opumum signal to noise ratio is approached by the single
dlfferentmtlon-doub}e integration network or so called semi-~
Gaussian pulse shape. The equation for the voltage of the output

pulse 1s given

Vout = -Cg? e"t/T (1 - cos t/7}

where t 1s time and GF 1s feedback capacitance. For RC =7

we note that the pulse oscillates (under damped) as shown mn Figure 12.
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The second pulse height can be neglected since this 1s only

e"2™ = 1/530 of the height of the firsi pulse.

From Figure 12 can be seen that maximum count rate can
be as high as 200 kc/sec without subsiantial pulse height distortion.
For randomly c(\:uu.nted pulses one usually takes 1/10 of this number,
20 k pulses/sec.

The noise equation (3) has been corrected for single differen-

tiation and single and double integiation network and 1s

Voltage Noise Current Noise
' 2

Double integration (6) 2.3 kT R &= (7) 1.73 q I T
i CZ

Single integration (8) 3.7 kT R == (9) 1.85 g Lic T

Equations (6) and (7} were used to calculate the noise and
fwhm resolution for surface barrer detectors and their electronics,
The results are tabulated in Table 9. The leakage current of the
detector for wvarious lemperatures 18 an average value of several
detectors to be used on the IMP spacecraft. Swumilar detectors wall
be flown on the Apollc subsatellite, Figure 13 1s a plot of the
leakage current versus temperature.

Two versions of preamplifierg have been developed for low
capacitance detectors and high capacitance deteclors., The low capa-
cilance version, shown in Figure 14 and used to measuie lithium
drifted detectors, differs from the regular preamplifiers in the

following ways
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1. The field effect transistor has to be selected for low
leakage gale current.

2o The field effect transistor i1s mounted next to the detector
to eliminate wire capacitance.

3. The feedback and bias resistors are mounted next to the
detector and should be cooled to detector operating tem-
peraiure to diminish current noise of the preamplifier.

4, The second stage of the preamplifier has been designed
with field effect {ransistois to eliminate additional
transistor shot noise.

The hagh capacitance version is shown in Figure 15 together with
the main amplifiers and shaping networks. The performance of the
preamplifiers are shown in Figures 16 and 17,

Experimenial Data. Measuremenis have been done on noise

performance on two types of detectors, lithium drified and surface
barrier delectors. Figure 18 shows a block diagram of the set up.
The detectors were cooled in vacuum so that no impurilies such as
moisture and organic vapors could deteorrate the detector during
test. Noise figures obtained are shown in Table 10. TFigure 19

shows pulse height spectra obrained from the Kevex 1193 detector,

Detector Lifetime

A series of long-term tests were run on surface barrier
detectors similar to those being flown on the subsatellite. These
tests were primarily to evaluate the effecls of radiation on the
detectors in a flight environment. In particular, efforis were con-
centrated on measuring the degradaiion in noise performance,

Measurements indicate that such effecls are the f{irst signs of
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radiation damage, but they do nct provide a guantitative measure of
the extent of such degradation with accumulated particle flux., Our
tests are designed to provide such quantitative measurements,

in the tests a telescope made up of three surface barriex
detectors, iwo 25 mmz area~-300p thick and one 50 mm2-300 i,
was placed in a vacuum of €5 microns and at a temperature of -30°c.

Go

Electrons of energies up to 2.2 MeV from a Sr source are used to
irradiate the detectors. These electrons penetrate all three detectors.
Count rates of ~104 counts/second were maintained for 125 hours to
provide a total of ~5 X 109 counts, The noise 1 the detectors was
monitored in three ways (1) by an rms noise meter, {2) by counting
r1ate above initial threshold (set at 1 count/mainute), (3) by observing
pulser counting rate into a single channel analyzer contaiming most

of the pulser peak. This 18 a measure of the change in the fwhm

of the peak, These tests are continuing at the present time, although
the accumulated counts are already beyond that expected for a full
year's operation in lunar orbit. The results are essentially negative
noise measured by the rms meter has changed by €2%, just barely

above the accuracy of the measurement. The other two measure-

ments are less sensitive and show no noticeable change.



Table l,. ANALYZER CHARACTERISTICS
Energy Range -
Peak Total
Inside Outsade Applied £ Max 3 Max Geometiic Geometric
Radius Radius Voltage Low High Faclor Factox
Detector le(cm} Rz {cm) V {volts) Emm . g (cmzo 81) G (cmzv sro-keV)
{keV {ke'V}

c, 2.25 2.74 300 0.58 0. 65 3.2 x 1073 1.4 x 1074
c, 2.25 2.75 1000 1,93 2,17 3,2 x 1070 4,7 x 1074
C, 4.5 5,5 3000 5,73 6.40 3.3 x 10° 1.4 % 1077
C}'4 4,5 5.5 3000 5..65i 6,55 0.48 0 27
CS 4,625 5,375 5000 13.6 15.0 0,70 0,63

‘91



Table 2. TRANSMISSION MATRIX FOR C, {CM‘)

INCIDENT ANGLE (b E G R EE 8)

Energy

{(ke'V) -6 :4 -2 0 2 4 6 8
0.58 0.0016 0.0044 0.0059 0, 0064 0, 0040 0 0 0
0.59 0, 0076 0.0101 0.0101 0.0101 0.0101 G, 0011 0 0
0.60 0. 0092 0.0101 0.0101 0. 0101 0.0101 €, 0099 0 0
0,61 0 0.0101 0.0101 0, 0101 0,0101 ¢. 0101 0 0
0.62 0 0.0101 0. 0101 0, 0101 0. 0101 0. 0101 0. 0101 0
0.63 0 0 0.0101 0.0101 0.0101 0.0101 0,0101 0
0, 64 0 ¢ 0.0101 0.0101 0.0101 0.0101 0 0101 0
0.65 0 0 0,0017 0, 0066 0.0074 0, 0095 0.0101 0. 0089
0.66 0 0 0 0 0,0092 0, 0024 0. 0060 0.0101
0,67 0 0 0 0 0 0 0 0,0037_

DL'[



Table 3., TRANSMISSION MATRIX FOR CZ {CMz}

INCIDENT ANGLE (b EGR E E 8)

Energy

{ke'V} -6 ~4 -2 0 2 4 6 8
1.93 0.0016 0. 0044 0.0059% 0. 0064 0. 0040 0 0 0
1,97 0.0076 0.0101 0.0101 0.0101 0.0101 0.0011 0 0
2,00 0.0092 0.0101 0.0101 0. 0101 0.0101 0, 0099 0 0
2.04 0 0.0101 0.0101 0. 0101 0.0101 0.0101 0 ¢
2,07 0 0.0101 0.0101 0,0101 0.0101 0 010l ¢, 0101 0
2,10 0 0 0.0101 0. 0101 0,0101 0.0101 G, 0101 0
2,14 0 0 0.0101 0.0101 0,0101 80,0101 0.0101 g
2,17 0 0 0.0017 0, 0066 0.0074 0. 0095 0.0101 0.0089
2,20 0 6 0 o 0. 0002 0, 0024 0. 0060 0.0101
2,24 0 0 0 0 0 0 0 0.0037

081



Table 4.

TRANSMISSION MATRIX FOR C

3

(oM

- INCIDUENT F L UX (D EGREZE 8) -

Energy

{(keV) -6 -4 -2 0 2 4 6 8
5.72 0.0004 0. 0057 0.0089 0.0099 0, 0044 0 0 0
5,80 0. 0097 0.0101 0.0101 0.0101 0,0101 0 0 0
5,87 0,0101 0.0101 0.0101 0.0101 0.0101 0.0062 0 0
5.95 0.0101 0.0101 0.0101 0, 0101 0,010t 0.0101 0 0
6. 02 0,0101 0.0101 0.0101 00,0101 0.0101 0.0101 0 0
6,10 0 0. 0101 0.0101 0, 0101 0.0101 €. 0101 0 0
6. 17 0 0.0101 0.0101 0,0101 0,0101 0, 0101 0,0101 0
6,25 0 0. 0060 0.0101 0, 0101 00,0101 0. 0101 0.0101 0
6.32 0 0 0.0101 0.0101 00,0101 0.0101 0.0101 0
6.40 0 0 0.0024 0, 0094 0.0101 0. 0101 0.0101 0
6,47 0 0 0 0 0 0. 0039 6. 0101 0,045
6.55 0 0 0 0 0 0 0 ¢.0101

*61



Table 5. TRANSMISSION MATRIX FOR G, (CM")

INCIDERNT ANG L E (D EGREES)

Energy

(keV) -6 -4 -2 0 2 4 6 8
5. 35 0.02 0,15 0.20 0.22 0 0 0 0
5, 50 0,37 0.50 0.50 0.57 0 0 0 0
5,658 0,72 g, 85 0. 90 g, 92 0. 65 0 G G
5,80 1.10 1,22 1.27 1.30 1.10 0 0 0
5. 95 1,10 1,60 1,65 lﬁé_’? N 1.52 0. 95 o 0
6.10 0 1.35 1.80 1.95 1.95 1.52 0 0
65,25 0 8.50 1.358 1,52 i.55 1.65 - 1,25 0
6,40 0 0 0,80 110 1.12 1.20 1.35 0.20
6.55 0 0 0 0,65 0. 67 0.75 0. 90 1.12
6. 70 0 0 0 0.17 0 20 0 27 0.42 0, 63
6. 85 0 0 0 0 0 0 0 0.12

.02




Table 6, TRANSMISSION MATRIX FOR CS {CM,E)

INCIDENT ANGLE (DE G R EE 8)
Energy
{keV) -6 -4 -2 0 2 4 b 8
13,10 0 0.28 0.47 0.52 0 0 o 0
13 25 0. 37 0. 66 0,84 0. 89 0 0 0 G
13.40 0. 80 1.08 1.27 1.31 0 Q 0 0
13,55 1.22 1.50 1,64 1.73 0.28 0 0 0
13,70 1.50 1,92 2.06 2,16 1.31 0 0 0
13.85 0 2.34 2.53 2,58 1.92 0 0 0
14, 00 ¥ 2.72 2.95 3,00 2. 44 0 0 0
14 15 G 2. 16 3 37 3.42 2,91 ¢ G 0
14.30 o 0. 98 3.19 3.66 3 47 1.69 0 0
14,45 0 0 2.62 3.19 3.28 2 83 0 0
14, 60 0 0 2.02 2. 72 2 81 3 00 0 0
14,75 0 0 1.31 2,22 2.30 2 53 1 08 0
14. 90 0 0 0 1 78 1.83 2 06 zZ 02 0
15,05 0 Y 0 127 136 1,55 .64 0
15,20 0 c Y 6. 75 0. 84 1.03 113 0 _
15,35 0 0 0 0.23 0.33 0. 52 0 61 0 ?
15,50 0 0 0 0 0 0 0 05 84
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Table 7 BACKGROUND LEVEL REQUIREMENTS

Mimimum Maximum
Detectable Background
Analyzer Flux Count Rate Level Design Gosl
4
C,y 10 1,4 0.6 0.1
4
('J2 10 4.7 3.0 0.1
3
C3 10 1.4 0.6 0.1
04 i 0.27 0.1 0.1
Ce 1 0. 63 0.2/4” = 0 05 0.01

*Divide by 4 since the Cy detector 1s sectored and all solar UV counts

may fall intc one sector.



Table 8. PREDICTION OF BACKGROUND

COUNT RATE DUE

TO SOLAR UV {COUNTS/SEC)

No Sunshade No Sunshade 2't Sunshade 2" Sunshade
Analyzer No Serration 11° Serrations 11° Serrations 35° Serrations Design Goal
¢, 6,17 2.2" 0.65" 0.12" 01
£
c, 6.1t 2.2% 0.65" 0.12 01
%
c, 0.4" 0.2" 0.1 T 0 0032 0.1
C, 43" 14" 1,3 0.32" 01
4 h l b - E
Cs 1.1 0, 38 0,078 0, 8079 a 01

* Experimentally verified.

+Pred1ct1on based on expevumental results,

'L'.I5 detector has stricter requirements swnce all solar UV counts may fall into one sector.

@(Z’a
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Table 9. SYSTEM NOISE VS. TEMPERATURE

Detectos T \

Temperature I Leakage L sec .25 psec 1 psec 4 usec
02 detector .34%107°%2 1,35 x107°% 5.1 x 10732

+20°C 50 nA Q? preamp 92 X 10734 23 x 10734 6 % 10734
fwhm 6 keV 6.7 keV 11 keV
Q% detector 4.7 x 107°% 19w 1073% 75 x 1073

o°c 7 nA Q% preamp 92 x 107°% 23 x 107°% ¢ x 1077

fwhm 5.2 keV 3.2 keV 4.5 keV
Q% detector 1.35 x107°% 5.4 x107%%  21.5 x 10734

-20%c 2 nA Q% preamp 92 x107°% 23 x107%% 6 x 10734
fwhm 5.15 keV 2.85 keV 2.75 keV
Q% detector .65 x107°% 2.7 x 10734 11 x 10734

-40°C 1 nA 0% preamp 92 x 107°% 23 10734 6 x 10734
fwhm 5.15 keV 2.7 keV 2.2 keV

Detector capacitance 15 50 pf, preamp resistance 18 R = 0. 65(l/gm} = 100Q.

Preamplifier temperature s kept at 290 °k.

fwhm 15 2.35 X RMS noise, 1.6 10

-19 coulombs, corresponds to 3.6 eV

deposited in the detector,
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Table 10. NOISE MEASUREMENTS ON DETECTORS

Lithrum Drift Detector Surface Bariler Detector
(Kevex 1178} (Kevex 1193) {(Nuclear Diodes)
Total Capacitance
Detector and 1nput
preamplifier 10 pf iz pf 70 pi
)
Lieakage at -50°C
for Lithium <1 nA <1 nA Leakage at -30°C <5 nA
Noise {fwhm) 1 keV 1.2 keV 5 keV
Noise Threshold Level .

for 1 couni/manute 2.7 keV 3 keV 12 keV
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COSMIC RAY ANTI COINCIDENCE TEST
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APPENDIX 1

THE ZLECTROSTATIC ANALYZER

A Particle Trajectories

H
Each electiostatic analyzer used in the experiment can be
represented by two concentric spherical conducting plates of radn

R1 and R, with an electric potential, V, applied between them, as

2
shown in Figurce Ala.
The motion of a charged particle between the plates can be

determined by the force equation

= dv

F=m 3t {1)
where F 15 the foirce on the particle, m 1s the mass of the particle,
v is the velocity of the particle and t represents time, If we con-
sider only the elecirical forces and use polar coordinates whose ori-

gin 18 at the center of the spheres the equation 1s written

eE =m%€[§;+$r(‘p] (2)

where e 15 the charge of the particle, E 15 the electric field, T 1is

a unit vector in the radial direction, r 1s the distance from the origin
to the particle, § 1s a umt vector in the direction perpendicular fo T,
¢ is the angle between ¥ and some fixed radius and the dot over a
variable represents its derivative with respect to tame., Taking the
derivative of the 1ight hand side of the equation as indicated we obtain

i

eli= m[% (r - r¢®) + & (rop + 2F9)] . (3)
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From the spheiical symmetry of the problem we can

determine that the slectric field must be of the form

53}
1
!
>
= (]
o |
0

where K 18 a constant that can be deiermined from the difference

in potential between the plates. Since
Rz -
V= - I E+ dr (5}
Ry
then
1 (6)

= L 1l
KﬂVLR:L h Rz_‘

where V 15 positive 1f the potential of the plate of radius R.2 18

greater than the potential of the plate of radius R;.

Since E 1s radially directed the last term 1n equation (3)

maust be zero. But this term 18 the tume derivative of the angu-

lar momentum, L, of the particle which 1s given by the equation

' (7)

thus the angular momentum 1s a constant.

The force equation (equation 1) can now be written

eK - mr - r¢P). (8)

rz
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To obtain the equation of moilon of the particle we must express
equation (8} completely in terms of spatial coordinates. To do

thiz we first note that

r = P . {10}

Since the fime derivative of the angular momentum 18 zero, we

may write

®= - (11}

and therefore

° (12)

i r= -r® a2 - f—l-\) o? (13)

~====m -rf—— o ~ r| . (14)
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Expressing ®? 1n terms of the angular momenturmn and rearranging

terms we have {inally

de(g_\+;_=emn
x/

=

deop® .2 (15)
The solution to equation (15) 1s of the form
-11: = P cosp+ Q st eKm
L2 (16)

The values of the constants P and Q must be determmnad {rom the
imtial conditions. For simplicity, we may choose ihe inmitial posi-

tion of the particle to be = 0 and r = r with the condition that
R <r <R, (17)
1 o 2
The value of L 1s alsoc an inifial cond:ition

L = mv_ cosb r_ (18)
where v, 18 the magnitude of the imtial velocity of the particle and
8 15 the anple beiween the particle velocity and the tangent to the
circle of radius r, at the inilial position, as shown in Figure Ala.

We now introduce the parameter, a, suoch that

el
27T {19}

a -
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where T 1s the lkinetic energy of the particle

T = fmv ? (20)
This allows us to write equation (16} 1n ierms of the imtial values

of r, and 8

a

= P cosg + Q swnp + (21)

il L

r ? cos®8
O
1

The conditron that if ¢ = 0 then r = r_ requires that

L |
Pox 2
s r:’ cos” 8 (22}

a

The value of O 18 determined from the derivative dr/dp at ¢ = 0,
The particle 1s 1imtially at © = 0 and r = T s after traveling a
short angular distance, A®, it has a new value of r, from

Figure Alb,

x
Q

r =\ Soshe " Yo tanAtp £anh . (23)

The change in r 1s

Ar=1r - r {24}

]

If we consider only small values of A® then

Ar = -x A ®tand ©(25)
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Taking the limit as A¢p - 0 we find that

g-fﬁ) = -ry tant ., (26}
This condition requires that

Q= —I-_l- tan 6 (27)
o
The electrostatic analyzer 1s constructed of sections of
hemispherical plates where particles enter on one side, travel
through 180° and exit on the other side as shown in Figure Ala,
Thus we would like 1o know 1f a particle of known inifial values of
T, r, and 6 can make 1t around 1800 withoul colliding with one of

the plates. To do this we first determine the values of ¢ = Py

for which r reaches an extreme by setting

d /
ag \z/ = ° (28)
This yields
= tan~t £
P = tan B 29

We are only interested in values of Pne such that

o o
< =
0 . 180° . (30)

To get the value of r = Loy at this poini, put © = Lpex into equation

(21}, For a particle to iravel through 180° 2t 1s required that



1-7

- e Ar——

Ri<r < Rz (31)

If 6 1s imtially negafive then r,, 15 & maximum and if 6 1s positive
3
¥, 1§ 3 mimmum, The opposite extreme value of r occurs at

either © = 0% or @ = 180° therefore we must also require that

Ri <7389 < Ro (32)
where
a
r B P eerre——
180 roa cos? 8 {33)

18 the value of : when op= 1800° The above condifions along with
the nitial requirements on r (equation 17) guarantee that the
particle will iravel through the 180°, If a pariicle 15 deflected
throuéh 180° we gay that 1t has an allowed trajectory.

Due to the spherical symmetry the above two-dimensional
analysis 1s valid for all particle trajectories provided that the para-
meters r_  and § are measured in the plane that includes the imitial
particle trajectory and the center of the spheres. Since the actual
analyzer plates are only sections of hemispheres, as shown in
Fagure Alc, we must also require that the above plane be included

within the wedge angle o and circumference section £.

B. Geometry Factor

The geometry factor of the electrostatic analyzer can be

defined by the equation
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CR _Eartlcles] =J= g(T)icmzeseC_Ej(T)

sec
T

T particles
Lem®e sre sece KeV

| AT |KeV | (1)
where CR 1s count rate or number of particles deflected thiough
the analyzer, g(T) 1s the geometry factor for particles of eneirgy
T and J(T) dT 1s the flux of particles with kinetic energy between
T and T + dT. Thus the geometry factor 1s an indication of the
sensitive area and acceptance angle of the analyzer for particles

of energy T. We can compuie g{(T) by the formula

g(T) = dA dq (35)
, IA “rn

-

where dA and dQ are increments of area and solid angle and the

integrals are carried out over those areas and solid angles for

which particles of kinetic energy T have allowed trajectories.
We can rewrite the above equation in terms of the inmitial

values 8, o, r and £ by substituiing

dii= do 46 (36)
and

dA = df dr
o

then

gfT) =[ [ [ [ dedsdb dr (38}
B e r



I-9
where the integrals aire carried out over those initial values foi
which ‘part1cles of energy T have allowed trajeclories,

We can determine if a particle of energy T and iniial
values 6, o, T and £ has an allowed trajectory by computing *ox
and Tygg 28 explamed in the preceding analysis, If - and 1180
satisfy the constraints R; <r < R, then the trajectory s allowed
provided the plane of ihe trajecrory is within the wedge angle o
and circumference section %,

To facilitate computation we introduce the funcrion

(6, o x s L, T) such that

£ = f1 if the trajectory 1s allowed
= 10 af the trajectory 18 not allowed {39)

then

gmy = [ [ § #8 o, v, £, T) d8 do dr_ d4 (40)

- -0 LS00 =00

This function was com;uted numerically for the analyzmer configura-
tron used in the experiments. The transmission matrix 1s the above
function not integrated over o and & gavang g' (T, o ©). Due to spherical
symmetry thas function 18 the same for all values of ¢, g' 1s tabulated
against T and 6 to give the transmaission matrix.

Since we normally d(; not know J(T) we must assume thajt _]ﬂ('i‘) -

1s constant over ihe small interval of energy for which the analyzer

18 sensitive. Thus we assumne

CR = j(T) [ g(ThdaT' = G- y(T) (41)

(o]
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where G 1s the total geometry factor and T 1s in the maddle of the
energy range for which the analyzer 1s sensitive. Since we mea-
sure CR and compute G we can determine j{(T} by

T} = R

G (42)

In this case )(T) 15 the average flux over the small energy interval
cenlered about T for which the analyze:r 1s sensitive, By applying
different voltages to the analyzer plates we can obtain many such

averages, For the analyzers used in the experiment the eneigy

interval was approximately 10% of the particle energy T,
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