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Preface 

The work described in this report was performed by the Guidance and Control 
Division of the Jet Propulsion Laboratory. 
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Abstract 

The use of radioisotope thermoelectric generators 2s a solar-independent power 
source in spacecraft is considered. The probability of misinterpretation of 
generator-produced neutron and gamma fields for naturally occurring phenomena 
by onboard science instruments is investigated (it was recognized that gamma- 
photon radiation is the main source of interference). Spatial deployment and 
shielding requirements are discussed. 

Geiger-Mueller tubes, electron multipliers, and silicon surface-barrier detectors 
are evaluated in detail. Because the sensitivity of the science instruments varies 
with the energy of the radiation, a 20-group structure in the 0.04- to 10-MeV range 
was developed to determine the spectral distribution of the radiation energy, 
Analytic models are developed to predict the effect of these spectra on the 
instruments selected. The possible degradation of spacecraft electronics is also 
investigated. 

The principal findings were that the gamma-photon field does affect the opera- 
tion of the instruments (which would require shielding), while the neutron field 
does not-either directly or indirectly through capture-gamma production. The 
age of the fuel is a factor in determining the amount of background interference. 
The degradation threshold for most electrical components is above the level 
produced by the fuel. A marginal case exists for injection transistors; methods 
are proposed for alleviating this condition. The analysis and conclusions pre- 
sented here are being refined by further analytical studies and an experimental 
program currently underway at JPL. 
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Compatibility and Shielding Analysis of Science Instruments in Space- 
craft Containing a Radioisotope Thermoelectric Generator 

1. Introduction 

Space missions to date have depended on solar panels 
for electrical power. The current state-of-the-art capa- 
bility of solar panels is an output of 10 W/lb at a distance 
of 1 AU from the sun. At Jupiter (5.2 AU) and Saturn 
(9.5 AU), the output of solar panels drops to 0.5 and 0.1 
W/lb, respectively. Foreseeable developments are not 
expected to increase this rating by more than a factor 
of three. 

Among the solar-independent power sources that have 
been considered are the radioisotope thermoelectric gen- 
erator (RTG) and the radioisotope thermionic generator 
(RTIG). For missions longer than a month in duration, the 
most promising system (on the basis of energy and power 
available per unit mass) is the RTG. At present, the RTG 
can produce approximately 1 W/lb. This rating matches 
present solar-panel capability at a distance of 3 AU from 
the sun. 

The distinctive characteristics of an RTG in spacecraft 
applications that are considered herein are the result of 
the incidental but ever-present neutron and gamma radi- 

ation fields that accompany the RTG. In fact, the major 
objection to the use of an RTG is the potential inter- 
ference with the scientific equipment in the spacecraft. 
This is because the radiation from the RTG may affect 
an experiment in a manner that cannot easily be distin- 
guished from the desired signal. Several experiments are 
examined in this report to determine which are sensitive 
to RTG radiation and, of those that are, what corrective 
measures can be taken to avoid spurious interactions with 
the generator. Possible corrective measures are the use 
of coincidence techniques, correction for background 
values, and additional shielding. However, any measure 
will exact a penalty in weight, complexity, or reliability. 
The emphasis of this report is on instrument sensitivity, 
shielding requirements, and spatial deployment. 

Additionally, it is well known that neutron and gamma 
fields can cause specific materials to degrade. However 
(despite the complicating factors of gradually decreasing 
power output, changing radiation spectra, and decay- 
product buildup), much is known about this type of 
degradation and the engineering techniques required to 
overcome it are available. 
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The instrument selected to measure a particular phe- 
nomenon may be adversely affected by RTG-generated 
radiation. For example, certain elements of an optical 
instrument may darken upon exposure to gamma radiation, 
and pulses caused by gamma or neutron radiation from 
the RTG may be difficult for a particle detector to dis- 
tinguish from those pulses caused by external particle flux. 
Examples of detectors susceptible to gamma and neutron 
radiation are: (1) scintillation devices, (2) surface-barrier, 
solid-state devices, and (3) ionizatian chambers. 

In practice, most of the instruments for the science 
experiments do not depend on particle ionization or 
emission to function, Equally important is the fact 
that many of the experiments measure electromagnetic 
radiation at wavelengths different from those caused by 
an RTG, or phenomena completely unrelated to the type 
of field produced by an RTG. Examples of experiments 
that measure different wavelengths include: (1) micro- 
wave, (2) visual and ultraviolet radiometers and spec- 
trometers, (3) radio propagation and occultation 
experiments, and (4) television experiments. Examples of 
experiments that measure phenomena unrelated to an 
RTG are: (1) micrometeoroid detectors and (2) cosmic 
dust collectors. 

A. Radiation Spectra of the RTG 

The gamma and the neutron fields in the vicinity of an 
RTG originate primarily from the radioactivity of the 
Pu238 and associated radioactive nuclides in the heat 
source. The gamma field is caused mainly by the plu- 
tonium isotopes and their daughter products in the heat 
source. A small additional contribution to the gamma field 
is caused by the interaction of emitted neutrons and any 
construction or shielding material encountered. The 
neutron field is primarily caused by (a,n) reactions with 
impurities associated with the PuO, in the heat source. 
A smaller contribution to the neutron flux is caused by the 
(a,n) reaction with the 0l8 in the PuO,, and the smallest 
neutron contribution is made by the spontaneous fission 
of the plutonium content. Table 1 shows the approximate 
contribution of the three sources of neutron flux. Figure 1 
compares the spectrum of neutrons arising from sponta- 
neous fission with the spectrum of neutrons from the (a,n) 
reactions. The differences are not significant in connection 
with potential interference from the RTG. The neutron 
flux level from an RTG could be decreased by reducing 
the level of impurities or by replacing the 0ls with or 
both. In practice, the neutron flux levels from present 
fuels, as shown in Table 1, contribute only a small portion 

Table 1. Expected neutron yield of RTG fuel 
based on available Pu238 

Practical expected yield, n/g-s 

Minimum 
Origin of neutrons 

Spontaneous fission 

Reaction (a,n) from 0’’ in PUOZ 

Reaction (a,n) from impurities in  
P P 8  

lower range of impurities, 
parts/lo6 

B- 100 

NO-600 

Mg-100 

AI-1 00 

Upper range of impurities, 
parts/ 10% 

B-6400 

Na-7600 

Mg-9000 

AI-3500 

Total (per gram of contained 
plutonium) 

2,100 

1 1,300 

4,100 

1,300 

200 

100 

19,100 
I 

Maximum 

2,100 

1 1,300 

262,000 

16,700 

18,900 

3,500 

314,500 

NEUTRON ENERGY, MeV 

Fig. 1. Comparison of spectra of neutrons arising from 
spontaneous fission and from (a,n) reactions 
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of the interference with the science experiments. An effort 
to reduce the gamma field levels would be more profitable, 

Table 3. Damage threshold for representative 
electronic components 

1. Neutron radiation. The long-term radiation degra- 
dation effects of the neutron cumulative dose is a more 
serious influence than the cumulative gamma dose. The 
level of radiation at various distances from the RTG is 
shown in Table 2. Gamma radiation is expressed in terms 
of millirads per hour, whereas the neutron component of 
the radiation is given in terms of neutrons per square 
centimeter per second. 

At 3 ft from the surface of the R'I'G, the neutron level 
is 1600 n/cm2-s, and the gamma level is 63 mrad/h. For a 
10-yr mission, the total integrated neutron flux will be 
5.1 X 10" n/cm2 and the total integrated gamma flux will 
be 5.5 X 103rad at a distance of 3 ft. Correspondingly 
larger or smaller doses will occur for lesser and greater 
separations (see Table 2). 

Table 2. Radiation levels at various distances from the 
surface of the Cronus RTG operating at 4100 W (thermal) 
or 300 W (electrical) 

Distance from surface 

cm 

0 

12.5 

22.5 

32.5 

42.5 

82.5 

91.4 

122.5 

152.4 

202.5 

21 3.4 

242.5 

274.3 

335.3 

396.2 

457.2 

ft 

0 

0.41 

0.74 

1.07 

1.4 

2.7 

3 

4.01 

5 

6.64 

7 
7.95 

9 

11 

13 

15 

mrad/h 

903 

634 

421 

288 

206 

76 

63 

38.5 

26.3 

15.4 

14.0 

10.9 

8.5 

5.7 

4.1 

3.05 

n/cmz-s 

53,700 

22,500 

13,200 

8,490 

5,900 

2,100 

1,600 

1,020 

860 

430 

380 

3 20 

230 

160 

110 

90 

Table 3 gives the threshold of damage, representing 
the point at which one can expect a measurable decrease 
in component performance; however, a 50% performance 
degradation would probably not occur until the dose is 
a factor of 100 higher than the threshold value. In all cases, 
the gamma-radiation component is below the threshold 
value. 

Component 

Injection transistors 
min 
max 

Diodes 

Field-effect transistors 

Microcircuits 

Silicon-controlled rectifiers 

Capacitors 
min 
max 

Resistors 

Transformers and inducfors 

Rad 

1 os 

1 OB 

1 os 
1 0' 

10' 

1 o4 
10' 

10' 

1 0' 

n / cmz 

3 x 10" 
2 x 10- 

5 x  10" 

2 x 10" 

1 014 

1 Ol2 

3 x lox2 

1 0l6 

1 Oi8 

I oi5 

. The neutron component of radiation is also below the 
threshold value of most electronic components. The one 
notable exception is the injection transistor. In general, 
these transistors have threshold values above 3 X lox1 
n/cm2 (Table 4); however, two (2N930 and 2N1724) have 
values as low as 3 X 10'" n/cm2. This marginal condition 
can be alleviated in a number of ways: 

(1) Select transistors with a high damage threshold. 

(2) Design the circuit to allow for operation with a 70% 
degradation in transistor gain (applicable for switch- 
ing transistors) so that radiation will not affect 
normal operation. All of the transistors will show 
much less than a 50% degradation in gain (Table 4) 
at the expected neutron flux levels. 

(3) Increase the distance between sensitive components 
and the RTG whenever possible. 

(4) Remove some of the impurities in the plutonium 
heat source. In principle, shielding can be used to 
reduce neutron levels, but it is difEcuIt to shield 
broad-spectrum neutrons. Shielding to reduce neu- 
tron levels generally carries a larger weight penalty 
than is justified by the decrease in neutron dose. 

The present report and analysis is based on the Cronus 
RTG, which is a plutonium-fueled generator. Because 
the power density of plutonium is 0.4 W/g, and the 
radioactive content of a Cronus RTG is 10,250 g of 
plutonium, the generator is rated at 4100 W (thermal) 
or 300 W (electrical). The fuel for the Cronus RTG is 
specified to have a neutron output of 4.1 X lo4 n/g-s or 
a totaloutput of (4.1 X lo4) (1.025 X lo4) = 4.2 X lo8 n/s. 
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From Table 1 it is seen that present chemical capability 
exists to produce fuel sources that are lower by a 
factar of two in specific neutron output than the Cronus 
RTG. One improvement that is considered feasible but has 
not yet been carried to the production stage consists of 
reducing the 0ls content of the PuO, by 0 l 6  exchange. 
Current estimates are that the Ox8 content can be reduced 
to 20% of the present level, thus reducing the 11,300-n/g-s 
contribution (indicated in Table 1) to 2260 n/g-s, making 
a total of 10,060 n/g-s for minimum impurity fuel using 
Ols-depleted PuO,. Possible improvements beyond this 
point are based on experiments with “high-purity plu- 
tonium.” This purification scheme (used to produce ultra- 
high purity P U ~ ~ ~ ) ,  is known as the Lamex process (Ref. 1). 
If applied successfully to Pu238, it would permit produc- 
tion of fuel with an “impurity element” (i ,n) contribution 
(other than the residual 0ls contribution) of 500 n/g-s, for 
a total output of about 5000 n/g-s. The sequence of im- 
proved specific neutron outputs may be tabulated as 
follows : 

Method 

Present Cronus RTG 
Best present chemical practice 
Reduction of 0ls content to 20% of 

present level (developmental 
process) 

(developmental) 
Purification by Lamex process 

Output, n/g-s 

4 x 104 
2 x 104 
1 x 104 

0.5 x 104 

The impact of these decreased neutron fluxes will be 
apparent only in terms of an improvement in long-term 
radiation degradation effects. For the present, it can be 
stated that permanently damaging effects to electronic 
components and spacecraft subsystems are, at worst, 
marginal for certain sensitive components and negligible 
for the majority of the components. 

2. Gamma radiation. Of greater concern is the problem 
of operating the science instruments in an RTG environ- 
ment. Interference with science experiments in the space- 
craft is due almost entirely to the gamma-photon flux. 
The gamma-photon flux is changed only slightly by the 
rigorous purification processes outlined in Subsection A-1. 

The sensors that may respond to RTG radiation and 
show a background reading even in the absence of any 

table 4. Injection transistor gain 
degradation from neutrons 

Transistor 

2N930 
2N2412 
2N2369 
2N708 
2N910 
2N915 
2N956 
2N1893 
2N1613 
2N3251 
2N2060 
2N2604 
2N2907A 

2N914 
2N1973 
2N2297 
2N2222 
2N2034 
2N2’150 
2N1724 
2N2331 
2N2432 
MM/2N491/ 

B(UJT) 
2N2642 
2N2807 

Threshold of 
degradation, 

n / cm2 

3 x loxo 
8 X 10” 

1 ox2 
2 x l 0 l 2  
3 x 

1 0l2 
4 x 10” 
4 x l o l l  

3 x 10” 
1 0l2 

7 x 10” 
4 x l o l l  
2 x 10l2 
3 x 1oI1 

1 OX2 
4 x l o l l  
7 x 1o1O 
7 x 1o’O 
3 x 1o’O 

1 0l2 
1 o1I 

2 x loT1 

10” 
10- 

6 X 10’l 

50 % 
degradation, 

n/cm’ 

2 x l ox2  
4 x i 0 l 3  
3 x ioi3 
7 x ioi3 

1 oi3 
4 x ioi3 

1 oX3 

2 x ioi3 

3 x ioi3 
2 x ioi3 
5 x ioi3 

1 oi3 
4 x 1013 

1 oX3 
3 x 10l2 
3 x 10l2 
2 x 10l2 
4 x iox3 
7 x lox2 

1 OZ2 

4 x 1oI2 
4 x loz2 

2 x lo la  

1 Ola 
4 x 1oI2 

red signal will, in practice, be placed at a distance from 
the RTG. In addition, local heavy-metal shielding will be 
used at each sensor so that the effects of the RTG radia- 
tion will be kept at an acceptably low level. The use of 
heavy-metal shielding modifies the gamma spectrum 
because the low-energy photons are preferentially re- 
moved from the spectrum. To a much smaller degree, the 
energies of some photons that are not captured in the 
shielding are modified and decreased in energy. Thus, 
the net removal of low-energy photons is not as efficient as 
would be indicated by the simple application of an 
absorption coefficient. 

An additional source of change in the gamma-photon 
spectrum is aging. Freshly separated plutonium fuel has 
a spectrum that has a predominance of low-energy pho- 
tons. As the plutonium fuel continues to generate heat, 
the decay products of the small Pu236 impurity increases 
the number of photons in the 2- to 3-MeV group, rela- 
tive to the more easily shielded peak output of “young” 
Pu23s, which produces photons in the 0.7- to 0.8-MeV 
range. 
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8. Modes of Action of Science Instrument Components” 

The spacecraft science instrumentation may be broadly 
classified according to the type of phenomenon it is de- 
signed to detect or measure: 

Positive particle detectors. 

Negative particle detectors. 

Neutron detectors. 

Radio-frequency measurements. 

Optical and near-optical frequency measurements. 

X- and gamma-ray measurements. 

Magnetic-field measurements. 

The seven general types of instruments listed above 
will be briefly discussed in terms of their radiation sus- 
ceptibility, but first some general observations are in 
order. Any instrument that depends upon particle ioniza- 
tion for its operation is particularly susceptible to RTG 
radiation. This includes scintillation devices; surface- 
barrier, solid-state detectors; and ionization chambers. 
Although gamma photons generally produce more spur- 
ious counts than neutrons in the unshielded case, the 
dscul ty  in shielding against neutrons makes them a 
more serious problem in the long run. The primary 
neutron-induced problems arise from : (1) the production 
of secondary gamma photons in materials close to the 
detecting device because of inelastic neutron scattering 
and (n , y )  reactions, and (2) the direct interaction of neu- 
trons with the detecting material, producing high-energy 
displacements as well as subatomic particles. 

1. Charged particle detectors. These detectors include 
electrostatic, electromagnetic, and ionization devices. The 
first two types (Langmuir-type probes, RF impedance 
probes, Faraday cups, and electromagnetic analyzers) 
are inherently “hard to RTG radiation provided that 
they are properly oriented with respect to the RTG. They 
are, however, susceptible to spacecraft charge effects. 
They are not suitable for many applications, and for 
these, ionization-type detectors must be used. 

The surface-barrier, gold-silicon detectors are superior 
to the large-volume scintillation detectors because of the 
reduced probability of a neutron or gamma photon inter- 
action with the smaller detector volume. In general, in- 
struments specifically designed to detect electrons employ 

*The material in this subsection was abstracted from an unpublished 
report prepared by the Martin Marietta Corp. 
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smaller detector volumes; therefore, they are less sus- 
ceptible to RTG effects. 

2. Neutral particle detectors. These devices include 
mass spectrometers and hot- or cold-cathode ionization 
gages. This type of instrument is not appreciably affected 
by spurious RTG radiation because the number of elec- 
trons necessarily generated ’by the instrument to induce 
ionization is far in excess of the number that would be 
generated by the secondary processes associated with the 
absorption of RTG radiations. 

3. Photon detectors. No RTG-caused interference is 
expected with devices measuring electromagnetic radia- 
tion at optical or greater wavelengths. These instruments 
include radiometers and such optical devices as tele- 
scopes and television cameras. At shorter wavelengths, 
RTG interference can be expected, however, especially 
with instruments designed to detect X- and gamma rays. 

4.  Magnetic field detectors. These devices include both 
flux-gate magnetometers and the helium-plasma mag- 
netometer. Neither type of magnetometer is susceptible 
to RTG radiation, although allowance must be made for 
the stray magnetic fields that might emanate from the 
RTG if definitive magnetic-field measurements are to be 
performed. 

5. Photomultiplier tubes. Although not generally used 
as radiation detectors directly, photomultiplier tubes are 
an inherent part of scintillation counters and other de- 
vices that must respond to photon pulses in the optical 
region. 

Thresholds have been established for gamma-photon- 
induced conductivity in some types of photomultiplier 
tubes. This induced conductivity is from two major 
sources: (1) luminescence induced in the glass envelope 
and (2) increased electron density in the vicinity of the 
first few dynodes due to Compton scattering of the gamma 
photons. Testing has indicated that at least 5 X los 
gammas/cm2-s at 1 MeV are required to produce measur- 
able conductivity. This gamma-photon flux is in excess 
of the number expected from an RTG at distances greater 
than 3% ft (1 m). 

111. Description of the Science Experiments 

The experiments that may compose a science package 
for a multiplanet mission are listed in Table 5. The table 
indicates whether a particular experiment will be affected 
by RTG radiation. Six of the experiments are insensitive 
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Table 5. Susceptibility of science instruments to RTG radiation 

Experiment 

Micrometeoroid detector 

Te levi s i 0  n 

Infrared radiometer 

Infrared interferometer 

Solar plasma probe 

Magnetometer 

LEPEDEA' 

UV photometer 

Trapped radiation detector 

Cosmic ray and energetic solar charged 
particle experiment 

Effect 

None 

None 

None 

None 

None 

None 

Possible 

Possible 

Yes 

Yes 

Sensitive element 

Channeltron photomult ip l ier  and 
Geiger-Mueller tube 

Channeltron photomult ip l ier  and 
Geiger-Mueller tube 

Solid-state and Geiger-Mueller tube 

Solid-stwe (Li-drift Si) 

Plastic scintillation counter 

Photomultiplier to read plastic scintil- 
lation counter 

ULEPEDEA = low-energy proton and electron differential energy analyzer. 

Remarks 

Requires simple radiant shielding 

Requires simple radiant shielding 

Acceptable for particle flux measurement in the 
vicinity of planets. Interference possible i f  
used to measure smaller f luxes i n  inter-  
planetary environments 

Possible interference from secondary emission if 
entrance area i s  unshielded 

RTG causes 500x space rate for low energy 
(single channel) 

Small loss using coincidence 

Sensitive photomultiplier tubes may give false 
responses due to gamma-induced lumines- 
cence in glass envelope or false count from 
Compton-scattered electrons in vicinity of 
initial dynode 

to RTG radiation, and two others are affected only under 
certain conditions. Among the latter two, the low-energy 
proton and electron differential energy analyzer 
(LEPEDEA) experiment will suffer interference only if 
this device is used to measure the small flux of electrons 
and protons that exists within the interplanetary environ- 
ment. Generally, this instrument would be used to mea- 
sure the charged-particle environment surrounding the 
target planets. Under these conditions, the particle fluxes 
are several orders of magnitude above the RTG radiation 
levels. A representative group of instruments is shown in 
Fig. 2, that consists of those instruments carried on the 
Mariner Mars 1964 mission (Ref. 2).  The investigators 
involved in this flight and their affiliations are given in 
Table 6. 

The first six experiments listed in Table 5 (the micro- 
meteoroid detector, the television system, the infrared 
radiometer, the infrared interferometer, the solar plasma 
probe, and the helium magnetometer) are not expected 
to have any interference from RTG radiation, and are 
suitable for use without shielding or special consideration. 

The seventh experiment, the LEPEDEA, is described 
in detail in Ref. 3. This instrument utilizes cylindrical, 
curved-plate electrostatic analyzers to provide measure- 
ments of the differential energy spectra of protons and 
electrons within, and in the vicinity of, the magnetosphere 
of the earth. Continuous-channel multipliers (Channel- 
trons), which are used to count individual charged par- 
ticles accepted by the analyzers, provide the instrument 
with a dynamic range in proton and electron intensities 
extending from lo4 to 1O1O particles/cm*-s-sr in a given 
energy bandpass of the electrostatic analyzer. The widths 
of the energy bandpasses of the electrostatic analyzers 
are sufficient to cover the entire energy range from 90 to 
70,000 eV (protons and electrons separately) in 14 voltage 
steps on the curved plates. The four electrostatic analyzers 
(two analyzers each for protons and electrons to cover 
the above energy range)-complete with signal condi- 
tioner, high-voltage power supplies, and thermal shell- 
have an average power requirement of 2 W and weigh 
6.3 lb. 

The eighth experiment is the ultraviolet photometer. 
The wavelength regions of interest are the He I line at 
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COSMIC RAY TELESCOPE 

SOLAR PLASMA PROBE 

MAGNETOMETER 

MAGNETOMETER 

IONIZATION 

IONIZATION CHAMBER 

Fig. 2. Representative group of science instruments (carried on Mariner Mars 1964 mission) 
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Table 6. Investigators for the Mariner Mars 1964 
science experiments 

Experiment 

Television 

Helium 
magnetometer 

Cosmic dust 
detector 

Ionization 
chamber 

Cosmic ray 
telescope 

Trapped radiation 
detector 

Solar plosma 
probe 

Occultation 

=Principal investigator. 

I lrvestigators 

Leighton, R. B.’ 
Murray, B. C. 
Sharp, R. P. 
Sloan, R. K. 
Allen, J. D. 

Smith, E. J.* 
Colemon, P. J., Jr. 
Davis, L., Jr. 
Jones, D. E. 

Alexander, W. M.= 

Berg, 0. E. 

McCracken. C. W. 

Secreton, L. 

Bohn, J. 1. 
Fuchs, 0. P. 

Neher, H. V.’ 
Anderson, H. R. 

Simpson, J .  A,‘ 
O’Gallogher, J. 

Van Allen, J. A.a 

Frank, 1. A. 

Krimijis, S. M. 

Bridge, H. La 
Lozarus, A. 
Snyder, C. W. 

Kliore, A. J.a 
Cain, D. 1. 
Levy, G. S. 
Foblemon, V. R. 
Fjeldbo, G. 
Drake, F. 

Affiliation 

CIT 
CIT 
CIT 
JPL 
JPL 

JPL 
UCLA 
CIT 
Brighom Young 

University and JPL 

Goddard Space Flight 

Goddard Space Flight 

Goddard Space Flight 

Goddard Space Flight 

Temple University 
Temple University 

Center 

Center 

Center 

Center 

CIT 
JPL 

University of Chicago 
University of Chicago 

State University of 

State University of 

State University of 

Iowa 

Iowa 

Iowa 

MIT 
MIT 
JPL 

JPL 
JPL 
JPL 
Stanford University 
Stanford University 
Cornel1 University 

584 A, the He I1 line at 304 A, the H c1 line at 1215 A, and 
the 0 I line at 1305 A. The secondary electrons ejected 
from a photocathode are amplified by passage through a 
channel multiplier. A combination of appropriate optical 
filters and surface preparation of the photocathodes will 
make each channel responsive only to the intended radia- 
tion, holding the dark current to under l count/s. 

The ninth experiment is the trapped radiation detector. 
The radiation to be detected consists of the charged 
particles (protons and electrons) that are trapped near 
a planet by the magnetic field of that planet. If the 
sensors are sensitive enough and the RTG interference 
level is low enough, the detector can also measure the 
nontrapped, free flux of charged particles in interplanetary 
space. The detecting elements consist of the thin-window 
Geiger-Mueller tubes to detect electrons with energies 
of 40 KeV and a solid-state, surface-barrier detector. The 
surface-barrier detector measures proton flux in the energy 
range of 0.5 to 10 MeV. 

The tenth experiment is the cosmic ray and energetic 
solar charged particle experiment, which is designed to 
measure the flux and determine an energy spectrum for 
protons and alpha particles in the interplanetary environ- 
ment. Protons are detected and recorded in the energy 
spectrum from 1 to 180 MeV. Correspondingly, alpha 
particles from 2 to 360 MeV are recorded. The experi- 
ment has directional discrimination; therefore, it can 
measure the flux magnitude, the energy distribution, and 
the direction of the proton and alpha particle constituents 
of primary cosmic rays. 

I 

IV. Approach 

The approach that was used to evaluate instrument 
sensitivity and develop the shielding requirements is out- 
lined as follows: 

(1) Instruments that were suspected of being affected 
by the RTG radiation were selected for evaluation. 

(2) A thorough study of the operation and description 
of these instruments was made to determine the 
sensitive components and the dimensions of 
the sensitive volumes. The minimum charged- 
particle counting rate of each detector was also 
established. 

(3) Because the sensitivity of the detector to RTG 
radiation (gamma and neutron) varies with the 
energy of the radiation, an accurate spectral de- 
scription of the emitted radiation is necessary. The 
following spectral information was determined in 
the form of a 20-group structure: 
(a) Magnitude and description of both the neutrons 

and gamma photons emitted by the radiation 
source at various points outside the RTG en- 
velope. 

(b) Reduction in magnitude and change in spectral 
distribution of the gamma-photon radiation as 

8 J P l  TECHNICAL REPORT 32-1427 



a result of placing various thicknesses of tung- 
sten shielding between the RTG and detector. 

(c) Magnitude and spectrum of the gamma-photon 
radiation produced by the interaction of the 
neutrons with the shielding material. 

(4) A suitable analytical model was developed to pre- 
dict the effects of the radiation spectra of item (3) 
on the following sensitive components: 
(a) Solid-state detectors. 
(b) Geiger-Mueller tubes. 
(c) Continuous-channel multipliers. 

established. 
(5) An acceptable value of spurious counting was 

(6) The data from the analytical model and the estab- 
lished values of allowable interference were used 
to determine the amount of shielding required for 
each of the experiments consisting of one or more 
of the above (item 4) radiation-sensitive compo- 
nents. 

V. Analytic Model of Sensitive Components 

A. Solid-state Detectors 

The trapped radiation detector and the cosmic ray 
and energetic solar charged particle experiment (experi- 
ments 9 and 10) use the effect of charged-particle inter- 
action in the depleted zone of a solid-state detector. 
Gamma photons traversing the depletion zone do not 
register directly; however, they are registered indirectly 
and in an energy-dependent fashion because photoelec- 
trons, Compton-scattered electrons, or pair-produced 
electrons or positrons are liberated when a gamma photon 
interacts with the silicon or germanium material in the 
detector. These liberated electrons may then register a 
count in the same manner that a desired event would 
otherwise do in such a system. 

A study made by Jones (Ref. 4) gives experimental 
information on the counting rates of silicon junctions for 
gamma photons of 0.1- and 0.4-MeV energies. These data 
enable normalization of the calculated relative response 
of silicon and germanium detectors; they also enable 
determination of the contribution of the different energy 
portions of the RTG gamma-photon fields to the back- 
grounds of the solid-state detectors when used in experi- 
ments 9 and 10. 

The data points given in Ref. 4 were based on the use 
of a silicon p-i-n junction 100-mm2 X 500-pm deep. Jones 

observed los counts/R at 0.1 MeV and lo7 counts/R at 
0.4 MeV. One roentgen corresponds to the production of 
2.08 X lo9 ion pairs in 1 cm3 of air. If the energy to pro- 
duce one ion pair is 33.5 eV, then 6.97 X lo4 MeV/cm3 
is the energy absorbed per roentgen dose in that cubic 
centimeter. 

To determine the number of gamma photons needed 
to deliver 6.97 X lo4 MeV/cm3, use is made of the ab- 
sorption Coefficient pcu (in cm-l) because pcuEy is the 
energy in millions of electron volts absorbed per gamma 
photon per centimeter of path length. This absorption 
coefficient gives the fractional part of the photon energy 
loss per centimeter. The total absorption coefficient is 
equal to the sum of the absorption coefficients for: (1) the 
photoelectric effect, (2) incoherent Compton scattering, 
and (3) pair production-multiplied, in each case, by the 
fraction of the energy given to an electron in the process. 
Using the absorption coefficients given by White (Ref. 5), 
the number of photons/cm2 equal to 1 R is given in 
Table 7. 

The work done in Ref. 4 showed that, with a particular 
silicon p-i-n junction, los counts/R were given at 0.1 MeV 
and lo7 counts/R at 0.4 MeV. Using the values in Table 7, 
los counts/R at 0.1 MeV is los countd2.36 X 1 O 1 O  gamma 
photons, or 0.0042 count/gamma photon. Similarly, lo7 
counts/R at 0.4 MeV is lo7 counts/4.60 X log gamma 
photons, or 0.0022 count/gamma photon at this energy. 

Table 7. Number of photons/cm2 required to deposit 1 R 

Photon energy Ey, MeV 

5 
4 
3 
2 
1 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.09 
0.08 
0.07 
0.06 

5.88 x 10' 
7.06 X 10' 

8.47 x lo8 
1.15 x ios 
1.93 x i o s  
2.12 x i o s  
2.30 x ios 
2.65 x ios 
3.03 x ios 
3.65 x ios 
4.60 x i o s  
6.23 x i o s  
1.01 x 10" 

2.36 X 10" 
2.65 X lo1' 
2.86 X 10" 

3.11 X 10" 
3.11 X 10" 
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The absorption probabilities for germanium and silicon 
resulting from photoelectric, Compton-scattering, and 
pair- production contributions are shown in Fig. 3; these 
data were adapted from Goulding (Ref. 6). Based on the 
data shown in Fig. 3, the total probability of absorption 
of a photon for each of 20 selected energies is given in 
Table 8 for silicon and germanium. Not every absorption 
event leads to a count because the depth of the depletion 
region and the threshold voltage in the detector elec- 
tronics affect the counting efficiency. In the measurement 
at 0.1 MeV (see Ref. 4), there was 0.0042 count/gamma 
photon, although the absorption probability from Table 8 
is 0.125. Thus, the possibility of recording a liberated 
electron is 0.0042/0.125 = 3.4% at 0.1 MeV. Similarly, 
at 0.4 MeV, there was 0.0022 count/gamma photon, and 
the absorption probability from Table 8 is 0.064. The 
probability of recording a liberated electron is 0.0022/ 
0.064 = 3.4% at 0.4 MeV, which is the same as the 
probability at 0.1 MeV. The 3.4% probability, which can 
be expected to be constant for the complete gamma 
spectrum of interest, relates only to the measurement 
(see Ref. 4) on a 500-pm-thick depletion zone. For other 
thicknesses, the response will be proportional to the 
thickness of the depleted zone. In practice, an experi- 
mental, one-point determination is most desirable for 
determining the background to be expected from a given 
gamma-photon flux intensity of known spectral 
distribution. In this manner, it is possible to calculate 

lo-‘ 2 4 6 10-1 2 4 6 10’ 2 4 6 10’ 
PHOTON ENERGY, MeV 

the interference in a solid-state detector caused by a 
gamma-photon flux of known energy spectrum. This is 
done by multiplying the flux at each energy by the 
corresponding probability of interaction (taken from 
Table 8), taking into account the thickness of the depleted 
zone, its area, and the number of counts expected per 
gamma photon. 

It should be noted that the probability of interaction 
falls rapidly with increasing gamma-photon energy. The 
interactions of the lowest energy gamma photons, which 
potentially give the greatest interference, are those of the 
gamma-photon radiations that are most easily shielded 
by heavy-metal shielding. 

B. Geiger-Mueller Tubes 

The LEPEDEA, the UV photometer, and the trapped 
radiation detector (experiments 7-9) use Geiger-Mueller 
tubes in conjunction with Channeltrons or solid-state 
detectors. The response of the Geiger-Mueller tube to 
gamma photons impinging on it is due almost entirely 
to those secondary electrons produced in the tube wall 
that penetrate into the sensitive volume of the tube. 
Much information is available concerning the response 
of Geiger-Mueller tubes to gamma photons of various 
energies, as a function of cathode wall material (Refs. 7 
and 8). 

K -  LIMIT 
(LEAD) 4 

s 2  c 

I 
0 2 10-2 
3 

8 
s 6  
2 4  

6 2  

2 10-3 

t 

!= 
v) 

a 

6 

4 

Y 
3 

2 

1 o - ~  
lo-’ 2 4 6 1 6 ’  2 4 6 10’ 2 4 6 IO1 

PHOTON ENERGY, MeV 

Fig. 3. Probability of absorption of gamma photons in 
0.3-cm-thick silicon and  germanium detectors 

Fig. 4. Number of secondary electrons traversing Geiger 
counter as a result of impinging photons 
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Table 8. Absorption probabilities for gamma photons encountering silicon and germanium 

Photon energy 
ET, MeV 

0.04 

0.1 

0.25 

0.35 

0.45 

0.55 

0.65 

0.75 

0.85 

0.95 

1.1 

1.3 

1.5 

1.7 
1.9 

2.5 

3.5 

4.5 

5.5 

6.5 

Photo- 
electric 
effect 

Silicon 

Compton 
scattering 

0.1 7 

0.1 1 

0.075 

0.068 

0.060 

0.053 

0.05 

0.048 

0.046 

0.042 

0.040 

0.036 

0.033 

0.031 

0.030 

0.026 

0.02 1 

0.020 

0.015 

0.014 

Pair 
production 

Total 
probability 

0.47 

0.1 25 

0.076 

0.068 

0.060 

0.053 

0.050 

0.048 

0.046 

0.042 

0.040 

0.036 

0.033 

0.031 

0.030 

0.027 

0.022 

0.022 

0.01 8 

0.01 8 

The Geiger-Mueller tube that will be used in the 
science experiments has a stainless-steel wall, and the 
potential interference with the science experiments will be 
from secondary electrons produced in this wall by gamma 
photons from the RTG. A theory developed by von Droste 
(Ref. 9) gives the number of secondary electrons travers- 
ing the Geiger counter, as a result of impinging photons, 
for aluminum (2 = 13), brass (2 = 29), zinc (2 = 30), or 
lead (2 =82) cathodes (Fig. 4). For gamma photons 
more energetic than 0.3 MeV, the curves relating to 
brass (2 = 29) may be used for calculations of stainless- 
steel cathodes (2 = 26). ExperimentaI curves for the 
number of secondary electrons produced by photon inter- 
action with the walls of a Geiger counter (Ref. 7), for 
brass cathodes, are shown in Fig. 5. These curves are in 
reasonable agreement with the theory of von Droste 
(see Ref. 9). 

The contribution of gamma photons less energetic than 
0.3 MeV is not appreciable because any shielding used 

z 

Photo- 
electric 
effect 

0.90 

0.42 

0.032 

0.01 3 

0.008 

OD45 

0.003 

0.0022 

0.001 8 

0.001 4 

0.001 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Germanium 

Compton 
scattering 

0.42 

0.28 

0.16 

0.15 

0.13 

0.1 2 

0.1 1 

0.1 05 

0.1 0 

0.098 

0.09 

0.082 

0.080 

0.075 

0.070 

0.06 

0.052 

0.047 

0.042 

0.040 

Pair 
production 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

0.001 

0.001 2 

0.001 7 

0.0021 

0.004 

0.0085 

0.01 2 

0.01 5 

0.02 

Total 
probability 

(1.3201 

0.700 

0.1 92 

0.1 63 

0.138 

0.1 24 

0.113 

0.107 

0.102 

0.099 

0.091 

0.083 

0.08 1 

0.077 

0.072 

0.064 

0.060 

0.059 

0.057 

0.060 

2.01 I I I I 1 
1 - CALC~LATED FOR'COPPER CATHODES ' 

(AFTER VON DROSTE) I a -  ATTRIBUTED TO PHOTOELECTRIC EFFECT 

0.8 1- 

b- ATTRIBUTED TO COMPTON EFFECT 
C -  ATTRIBUTED TO PAIR PRODUCTION 1.6 

2 -  EXPERIMENTAL RESULTS USING BRASS 

a? 

>-' 

YJ 
u_ 
$ 0.8 

1.2 

Y 

0.4 

0 
0 0.5 1 .o 1.5 2.0 2.5 3 

0.4 

0 
0 0.5 1 .o 1.5 2.0 2.5 3 

PHOTON ENERGY, MeV 

Fig. 5. Experimental curves for the counting efficiency 
of Geiger-Mueller tubes with brass walls 



will attenuate the low-energy photons very strongly and 
preferentially compared to those more energetic than 
0.3 MeV, and because the low-energy gamma photons 
that reach the counter will have a small effect (see Fig. 4) 
compared to high-energy gamma photons (> 0.3 MeV). 

To calculate the interference in a Geiger counter caused 
by a gamma flux of known energy spectrum, the flux at 
each energy is multiplied by the coefficient for secondary 
electron production in the wall materials. As shown by 
Fig. 4, stainless-steel walls will have the same coefficient 
as brass walls for energetic photons above 0.3 MeV. The 
experimental values for brass walls are available in Fig. 5; 
these cover most of the range of interest for an RTG. 
Although the secondary-electron emission coefficient rises 
rapidly above 3 MeV, it will be seen that the gamma 
spectrum of an RTG has few photons in the 3- to 7-MeV 
range; therefore, errors in the extrapolation of the values 
in Fig. 5 will not impair the usefulness of the method. 

C. Photomultiplier Tubes and Channeltrons 

Channeltrons are essentially distributed-dynode multi- 
pliers acting on the secondary electrons emitted by a target 
that is associated with (but, that is not an integral part of) 
the Channeltron. Photomultipliers are a combination of 
a (generally) low work-function cathode with discrete 
dynodes that accomplish the electron amplification. Both 
of these instruments depend on secondary electron emis- 
sion for their normal operation. They are subject to 
increased background interference when the gamma- 
photon flux produced by the RTG causes additional 
secondary electrons to enter the dynode area. Stainless 
steel is generally the material of the target, cathode, or 
other structure that interacts with the gamma-photon flux 
produced by the RTG-or it mziy be stainless steel with 
such a thin coat of platinum or of alkali halides (e.g., 
lithium fluoride) that the considerations developed for 
stainless-steel cathodes in Geiger-Mueller tubes hold 
here also (in respect to response as a function of gamma- 
photon energy). In the absence of specific experimental 
data, the coefficients given in Figs. 4 and 5 are useful in 
estimating the interaction of RTG gamma-photon fields 
with these detectors. 

VI. Neutron and Gamma-Photon Spectra 
of the RTG 

A. Change of Spectrum as a Function of Time 

A conceptual design of an RTG, a Martin Marietta 
Cronus model, is shown in Fig. 6. The present 
report is based on analyses and conclusions concerning 

the postulated application of this RTG unit. Table 9” 
presents the surface gamma-photon flux in terms of num- 
ber of gammas/cm2-s in any of 19 energy intervals cov- 
ering the range of 0.044 to 7 MeV. Similarly, Table 10 
presents the surface neutron flux in terms of number of 
neutrons/cm2-s in any of 23 energy intervals covering 
the range of 0.025 eV to 10 MeV. The analysis leading to 
the data in Tables 9 and 10 is based on available informa- 
tion on the outputs of “nominal” Pu23s, as used in the 
form of the natural oxide, at an age of 1000 days after 
separation (thermal loading 4100 W). Some character- 
istics of “nominal” are given in Table 11. 

It should be noted that the radiation calculations of 
the “nominal” Pu238 will change with time. A comparison 
is given in Table 12, where the gamma spectra are redis- 
tributed into six groups. Similarly, as the fuel ages and 
the Pu238 gamma-photon spectrum changes, the relative 
backgrounds of different types of detectors will also 
change with time. The Geiger counters and electron 
multipliers have a rising background-production vs 
gamma-photon-energy characteristic, whereas solid-state 
detectors have a falling background-production vs 
gamma-photon-energy characteristic. 

*Data taken from: Gingo, P. J., Radiation Analysis of an RTG for 
the Grand Tour Program, Jet Propulsion Laboratory, Pasadena, 
Calif. (internal document), 

AXIS 

THERMOELECTRIC 

SOURCE 

Fig. 6. Conceptual design of an RTG (Martin- 
Marietta Cronus model) 
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Table 9. Surface gamma-photon flux of Cronus RTG 

Isotope 

Pu238 
P P 9  
Pu24D 
puza1 
PU'" 

PU% 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 

Quantity, % 

81 
15 
2.9 
0.8 
0.1 
0.000 1 

Photon energy interval, MeV 

From 

7.0 
6.0 
5.0 
4.0 
3.0 
2.0 
1 .8 
1.6 
1.4 
1.2 
1 .o 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 

To 

6.0 
5.0 
4.0 
3.0 
2.0 
1.8 
1.6 
1.4 
1.2 
1 .o 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.044 

Flux at surface, 
y/cm2-s 

3.547 x loo 
1.42706 X 10' 
4.31125 X10' 
1.43158 X 10' 
5.04436 x 10' 
7.27844 X lo3 
7.7033 X lo3 
3.64511 X lo3 
8.18515 X lo" 
8.81518 x lo3 
3.14254 X lo3 
6.6039 x lo4 
1.067313 X 10' 
3.46538 X lo4 
3.7961 X lo4 
3.71531 X lo4 
3.72378 X lo4 
3.24770 X lo4 
3.09279 X lo4 

Table 10. Surface neutron flux of Cronus RTG 

Neutron energy interval, MeV 

From 

10.0 
8.55 
6.66 
5.1 8 
4.46 
4.04 
3.14 
2.45 
1.91 
1.49 
1.16 
0.90 
0.702 
0.546 
0.331 
0.201 
0.1 22 
0.0449 
0.01 7 

3.0 X lod 
3.0 X 
1.0 x lo-' 

5.55 x io-4 

To 

8.55 
6.66 
5.1 8 
4.46 
4.04 
3.14 
2.45 
1.91 
1.49 
1.16 
0.90 
0.702 
0.546 
0.331 
0.201 
0.1 22 
0.0449 
0.017 

3.0 X lo-' 
3.0 X 10" 
1.0 x 10" 
2.5 X lo4 

5.55 x 1 0 - ~  

alntegrated flux = 5.37123 X lo4 n/cm'-s 

= 34.65 X 101 n/in.'-s. 

Flux at surface: n/cm'-s 

2.676 X lo2 
6.334 X 10' 
1.1658 X loa 
1.1969 X lo3 
1.8634 X lo3 
9.154 X lo3 
1.2426 X lo4 
8.24166 X lo3 
6.63255 X lo3 
4.3295 X lo3 
2.96783 X lo3 
1.95293 X 10' 
1.19117 X lo3 
1.05256 X I O 3  
3.74656 X 10' 
1.4489 X 10' 
9.2110 X 10' 
1.88287 X 10' 
6.7376 X 10' 
6.03333 X lo-* 
1.85847 X 1 0-5 
2.3988 X lo-' 
2.51633 X lo4 

The gamma-photon and neutron field values given in 
Tables 9 and 10 represent the flux at the surface of the 
RTG. The fields at points removed from the surface 
decrease rapidly with separation distance. Figure 7 illus- 
trates the fractional radiation intensity at varying dis- 
tances from the Cronus RTG surface-reference plane. It 
will be noted that the decrease is greater for the neutron 
field, as the separation is increased, than for the gamma- 
photon field for the same separation. This can be at- 
tributed to the fact that neutrons are scattered much less 
than gamma photons in the body of the Cronus RTG. 
The neutron field is essentially generated from a con- 
centrated area at the plane of the heat source. The 
gamma-photon field is generated from a distributed source 
in the volume between the plane of the heat source and 
the plane of the surface (outside face) of the Cronus 
RTG (see Fig. 6). 

The relative distribution of gamma photons with energy 
changes markedly with time after separation of the plu- 
tonium fuel; this is primarily because of the small residue 

Table 1 1 .  Characteristics of RTG-grude Pu238 

Specific neutron yields from light element 
impurities in "nominal" ~u~~~ 

Element 

L i  
Be 
B 
C 
N 

0 (natural) 
0 l 8  

F 
No 

M g  
AI 
Si 
P 
S 

n/s for 1 part/106 

4.6 
133 
41 
0.2 
0.0" 

0.1 
50 
18 
2.2 
2.1 
1 .o 
0.2 
0.03 
0.03 

Composition of "nominaI" puS8 
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Table 12. Gamma-photon spectra for RTG at various times after plutonium 
separation (normalized to 1 .O for the 0.5- to 1 .O-MeV energy interval at  18 yr) 

0 4 8 12 I 

DISTANCE FROM SURFACE, ft 

Fig. 7. Gamma and neutron field intensity at various 
distances from the RTG 

of Pu236 found in the fuel (see Table 11). The spectra, at 
different times after separation of the fuel (t = 0, 1, 5, 10, 
18 yr), are shown in Fig. 8 and Table 12. The major 
changes take place in the 0.2- to 0.3- and the 2- to 3-MeV 
intervals. The first interval is not of great importance 
because it is easily shielded. The second, primarily the 
2.62-MeV ThC” gammas, is difficult to shield because (as 
can be seen in Fig. 9) the minimum mass absorption 
coefficient p/p (where p is the density of the material) 

for high-2 shielding material is at 3 MeV. The circuit 
components (including Geiger-Mueller tube, Channel- 
tron, and photomultipliers) will be subject to increasing 
background interference as the fuel ages, whereas those 
components involving solid-state detectors will be less 
affected because of the low sensitivity of these circuit 
elements to high-energy radiation. 

B. Modification of Spectrum by Shielding 

While the elements of the science experiments will 
be located within the radiation field of the RTG, the 
intensity at the experiment will be lower than the in- 
tensity at the surface of the RTG because of the physical 

0.99 
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0.96 
0.95 
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PHOTON ENERGY, MeV 

Fig. 8. Gamma-photon spectrum at various times after 
separation of the PuZ3* fuel 
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Fig. 9. Mass absorption coefficients between 0.5 and 
6 MeV a s  a function of atomic number 

separation and the use of heavy-metal shielding (see 
Fig. 7). Interposing metal as shielding between instru- 
ments and RTG also decreases the radiation fields; for this 
purpose, tungsten (2 = 74, density = 19 g/cm3) or ura- 
nium (natural uranium, depleted of U235 and U233, 2 = 92, 
density = 18.5 g/cm3) are the most satisfactory. The 
computations in this report are based on the use of tung- 
sten shielding, although (as can be seen from Table 13) 
additional effectiveness can be obtained by the use of 
uranium shielding because the mass-absorption coeffi- 
cient is about 50% higher for the same mass per square 
centimeter in the range of 0.2 to 0.6 MeV. The relative 
advantage decreases as the energy approaches 3 MeV, 
but it is still appreciable. 

As the neutron flux penetrates the metal shielding, it 
is somewhat attenuated; in the process of capturing and 

Table 13. Mass-absorption coefficients for uranium pk 
and tungsten p’, for the 0.2- to $-MeV energy interval 

Photon 

energy, 
MeV 

0.2 
0.3 

0.4 
0.5 
0.6 
0.8 

1 .o 
1.5 

2.0 
3.0 

4.0 

5.0 
6.0 

8.0 

PC 

0.747 
0.310 

0.1 84 
0.131 

0.105 

0.079 
0.0655 
0.0501 

0.0432 
0.0400 

0.0400 
0.0409 

0.0426 
0.0449 

P6 

1.20 

0.470 
0.273 

0.1 85 
0.142 

0.099 
0.078 

0.056 
0.0483 

0.0435 
0.0438 

0.0455 
0.0471 

0.0501 

rYa& 

1.61 
1.53 

1.41 
1.35 

1.25 

1.19 
1.12 

1.12 
1.09 

1.09 
1.11 

1.11 
1.12 

1.48 

removing neutrons from the flux, however, additional 
gamma photons (called “capture gammas”), with a char- 
acteristic spectral distribution, are created. In practice 
(tungsten shielding 5 1 in.), the total number of capture 
gammas is somewhat under 1% of the number of total 
emerging gamma photons (Table 14). If depleted uranium 
were used as shielding, the number of capture gammas 
would be roughly doubled, ranging up to 2% of the total 
emerging gamma photons, although of somewhat lower 
maximum energy. 

The absolute number of capture-gamma quanta in- 
creases with additional shielding up to % in. of shielding 
or 31 g/cm2, as shown in Fig. 10. Figure 11 shows the 
spectral distribution of the total gamma field-including 
direct gamma photons and capture gamma photons from 
tungsten shielding for shields of 0, 11, 21, 31, and 
42 g/cm2 (0, Yay 34, %, and 1 in.)-for a Cronus RTG using 
1000-day-old fuel. 

Table 14. Contribution of capture gammas produced in tungsten 
shielding to total emerging gamma photons 

I I I I I I I I I I 
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VII. Shielding Requirements and Effectiveness 

A. Optimization of Shielding Weight 

The individual science experiments differ in their rela- 
tive response to low- vs high-energy gamma photons. 
Therefore, they are individually evaluated to determine 
the optimum combination of physical separation and 
shielding to give the best background-interference reduc- 
tion. The science experiments involving Channeltron, 
photomultiplier, and Geiger-counter components exhibit 
a relative response-vs-gamma-photon energy, as shown 
in Fig. 12. This was obtained by a point-by-point multi- 
plication of the factors taken from Fig. 5 by the total 
gamma-photon spectrum of Fig. 11. It will be noted that 
the relative contribution of the 0.7 MeV component is 
three times that of the 2.62 MeV component when un- 
shielded. This drops to equal contributions (but low 
absolute values) when 1 in. of shielding is used. A similar 
point-by-point multiplication for the response in solid- 
state detectors, using the data of Table 8 and Fig. 11, 
results in the relative response for silicon given in Fig. 13. 
In the same manner, Fig. 14 shows the relative response 
of germanium solid-state devices vs gamma-photon en- 
ergy in relation to tungsten-shield thickness. 

0.99 
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5 

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
PHOTON ENERGY, MeV 

Fig. 10. Intensity distribution of gamma photons 
produced by neutron-flux interaction with various 
thicknesses of tungsten 

Because the relative response to the low- and the high- 
energy gamma-photon radiation for the Channeltron and 
the Geiger counter is different from that for the solid- 
state detectors, the relative amounts of shielding needed 
for the two types of detectors will change as the fuel 
ages, and the shielding required must be calculated 
separately. 

B. Shielding Requirements 

Some useful approximations concerning the relation- 
ship between the dose rate, the flux intensity, and the 
source emission rate of gamma photons are listed below: 

(1) From a point source at a distance of 1 ft, 

D = 6 C E  

D = 1.5NE X 

D = w x 103 

0.99 

0.98 

0.97 

0.96 
0.95 

0 NO SHIELDING 
0.90 

2 0.80 

t 
- 
v) 

+ 
0.60 

> 4 0.40 

0.20 

w - 
w 

10-1 

10-2 

 IO-^ 
1 o - ~  

5 

PHOTON ENERGY, MeV 

Fig. 11. Total gamma-photon field of RTG for various 
thicknesses of tungsten (sum of total emerging and 
capture gammas) 
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(2) From a gamma-photon flux passing through an 

D = 24E x 10-6 

D = 1 . 1 ~  x 107 

D = 1 . 2 ~ '  x 104 

absorber, 

where 

D = dose rate in R/h 

C = curie (defined as the emission of 3.7 X lolo 
photons/s) 

E = photon energy in MeV 

N = total number of gamma photons/s emitted 
from a point source into & steradians 

4 = gamma-photon flux in photons/cm2-s 

W = watts of gamma-photon energy emitted. from 
a point source into 4~ steradians 

Q = watts of gamma-photon energy/cm2 

Q' = watts of gamma-photon energy/ft2 

0.99 

o .9a 

0.97 
0.96 
0.95 

0.90 
Y 

2 g 0.80 
v) w CL 

w > 
F 0.60 
4 
w CL 

0.40 

0.20 

10-1 

10-2 

1 o - ~  

1 o - ~  

5 

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 

PHOTON ENERGY, MeV 

Fig. 13. Relative response vs gamma-photon energy 
for silicon solid-state detectors with various thick- 
nesses of tungsten 

PHOTON ENERGY, MeV 

Fig. 12. Relative response vs gamma-photon energy 
for Geiger counters and Channeltrons with various 
thicknesses of tungsten 

PHOTON ENERGY, MeV 

Fig. 14. Relative response vs gamma-photon energy 
for germanium solid-state detectors with various 
thicknesses of tungsten 
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The approximations given above are valid for gamma- 
photon streams from 0.08 to about 10 MeV, which covers 
the range of interest in RTG work. For ranges outside 
these limits, Figs. 15 and 16 give the relationships be- 
tween dose rate and flux rate, respectively, from 0.01 to 
10 MeV. 

6 

4 

2 

1. Channeltrons and Geiger counters. These detecting 
elements, which are used in the LEPEDEA and in the 
UV photometer (see Table 5), respond to the background 
gamma-photon field of the RTG by registering counts 
that originate from secondary electrons being ejected 
from the sensitive area of their inner surfaces. 

GAMMA DOSE RATE, D, DUE TO 1 photon/cm’-r - 

As discussed in Section V-B, the flux of gamma photons 
at each energy level can be multiplied by the coefficient 
for secondary electron production in the wall material to 
get the number of secondary electrons created per square 
centimeter of detector surface. If this number is then 
multiplied by the sensitivity area of the detector and by 
the efficiency 71 for Channeltron and Geiger counters, the 
number of background counts contributed by the RTG 
is obtained. 

The surface gamma-photon flux of a Cronus RTG has 
been calculated for 1000-day-old fuel (see Table 9) in 
each of 19 energy groups. The effect of shielding on this 
1000-day-old fuel/gamma-photon spectrum has also been 

2 4 6 lo-’ 2 4 6 IOo 2 4 6 10’ 

PHOTON ENERGY, MeV 

Fig. 15. Dose rate vs photon energy (0.01-10 MeV) 

Fig. 16. Photon flux vs energy (0.01-10 MeV) 

calculated; Table 15 shows the ratio of emerging to inci- 
dent gamma-photon flux, for each of the energy inter- 
vals, for tungsten shielding of %-, %-, %-, and 1-in. 
thicknesses. 

The following expression gives the background inter- 
ference contributed by the Cronus RTG to the Channel- 
trons and the Geiger counters: 

where 

R = background counting rate in counts/s 

71 = efficiency of counting of ejected secondary 
electrons (may be taken to be 100%) 

+ = gamma-photon flux at RTG surface in photons/ 
cm2-s as a function of energy (see Table 9) 

T = transmission of tungsten shield of thickness x as 
a function of energy (see Table 15) 

P = secondary-electron emission coefficient as a func- 
tion of energy (see Figs. 5 and 17) 

f = fraction of surface-gamma intensity at a dis- 
tance d from the RTG surface (see Fig. 7) 

A = sensitive area of detector projected normal to 
flux 
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Table 15. Ratio of emerging to incident gamma-photon flux 

Gamma- 
photon 

Photon energy 
interval, MeV 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11  
12 
13 
14 
15 
16 
17 

a 

i a  
19 

energy 

group 

7.0 
6.0 
5.0 
4.0 
3.0 
2.0 

1.6 
1.4 
1.2 
1 .o 
0.9 

0.7 
0.6 
0.5 
0.4 
0.3 
0.2 

1 .a 

0.8 

From To 

6.0 
5.0 
4.0 
3.0 
2.0 

1.6 
1.4 
1.2 
1 .o 
0.9 

0.7 
0.6 
0.5 
0.4 
0.3 
0.2 
0.044 

1 .a 

0.8 

Tungsten shielding thickness, in. 

’/2 Y4 

0.4aa396 
0.501 61 1 
0.5291 17 
0.5332425 
0.5509065 
0.578643 
0.59008 
0.776588 
0.600504 
0.61 9755 
0.6941 15 

0.3 13607 
0.42779 
0.349534 

0.156970 
0.055205 

0.339859 

0.2 74 2 a o 

- 

0.246872 
0.259959 
0.275563 
0.291 904 
0.31 0222 
0.335551 
0.345754 

0.3541249 
0.35051 1 

0.52861 7 

0.438556 
0.1 201 a7 
o.ioia3i 
0.1 72389 
0.13209 
0.0991 556 
0.0555 15 
0.0201 06 
- 

3.0 

2 .5  
c’ 

u y. 2.0 
z 
8 

3 
>! 3 1.0 

8 

L YI 

Z 

c 
1.5 

VI 

z 

w VI 
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C 

INCIDENT PHOTON ENERGY, MeV 

Fig. 17. Secondary electron emission coefficient 
(extrapolated from Fig. 5 data) 

The product of the first four terms (v + T p) has been 
evaluated for each energy group of Table 9 and for each 
thickness shown in Table 15, and the totals for each 
thickness determined, The mass-absorption coefficient 
(see Fig. 9) for heavy metals such as tungsten (2 = 74) 

3/4 I ’  
0.1 24788 
0.1 3471 3 
0.143513 
0.1 59941 6 
0.1 74690 

0.202592 
0.194584 

0.359826 
0.208832 
0.1 982363 
0.2770886 
0.042503 
0.033065 
0.069469 
0.04992 

0.01 9633 
0.007323 

0.03585 

- 

0.063077 

0.074741 
0.0698 1 2  

o.oa7472 
0.098370 
0.1 1284 
0.1 18708 
0.24493 
0.1231509 
0.112115 
0.1 7507 
0.01 503 
0.01 0737 
0.0279942 

0.01 2959 
0.006943 
0.002667 

0.01 8864 

- 

preferentially attenuates gamma radiation under 2 MeV 
and over 5 MeV, and is least effective for the important 
gamma-photon energy group 5 (2 to 3 MeV) of Table 9. 
The ratios of the quantity 7 + T p, evaluated for successive 
%in. shield slab thicknesses, converge quickly to the 
theoretical value for the 2.62-MeV gamma photon of 
ThC”, which is the unique spectral line from the decay 
product of the Pu236 impurity that gives rise to gamma- 
photon energy group 5. The convergence is so rapid 
(Fig. 18) that extrapolated values may safely be used to 
predict the effect of tungsten shielding thicker than 1 in. 
With the use of extrapolated values, the effect of tungsten 
shielding in the range of 0-2% (0-108 g/cm2) on the 
spurious counting rate (with no separation in distance 
from the RTG) for Channeltrons and Geiger counters is 
given in Table 16. (The volume of 1 cm3 of tungsten has 
a mass of 17 g, and a slab 1 cm2 X M in. has a volume of 
10 X 10 X 6.35 mm = 0.635 cms or 10.8 g.) 

To arrive at the amount of shielding required for 
Channeltron detectors, it should be noted that the sensi- 
tive area of the Channeltron is the initial section of the 
tube. According to the manufacturer of the Channeltron 
4010 tube, omission of the gain of the first 15% of the 
length of the tube decreases the output of the tube to 
10% of its design value. Therefore, it will be sufficient 
to shield only this initial 15% of the 4-in. length, or 
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0.601 

Mass of 

9 / cm2 

Spurious counts 

given shielding 
thickness, 

counts/cm2-s 

after penetrating 

Fig. 18. Effect of Y4-in. increments of tungsten shielding 
on the ratio of spurious counts in Geiger counters and 
Channeltrons 

Table 16. Effect of tungsten shielding on spurious count- 
ing rate for Channeltrons and Geiger counters 

Thickness of 
shielding, 

in. 

The Geiger-Mueller tubes that are to be used in the 
science package are thin end-window, minature, self- 
quenching tubes (EON-6213). Although the secondary- 
electron emission coefficient for these tubes (with 

0 
% 
% 
=h- 

1 %  
1 Y2 
1 %  
2 
2 %  
2% 

1 

0 

21.6 
32.4 
43.2 
54.0 

10.8 

64.8 
75.6 
86.4 
97.2 

i 08.0 

2624 

459 
240 

928 

128 

38 
69 

21 
12 
7 
4 

0.6 in. The inside diameter of the Channeltron 4010 is 
0.040 in. To determine the effective sensitive area, it 
will be noted that the penetration of secondary electrons 
of 3-MeV energy is 2 g / c d ,  and that this represents a 
wall thickness of 0.1 in. for material of the density of 
steel or brass (correspondingly more for lower-density 
wall material). Because secondary electrons of 3-MeV 
energy represent the upper limit of the secondary-electron 
energy spectrum that will be produced, the effective 
sensitive area of the Channeltron can conservatively be 
assumed to be a strip, 0.6 X 0.040 in., surrounded by a 
band 0.1 in. on all sides, or a total area of 0.8 X 0.24 in., 
which is 0.2 ins2 or 1.2 cm2. 

When a Channeltron is used in a science experiment, it 
is required to measure events when the background 
counting rate is 5 ccuntdmin or 0.1 count/s. The expres- 
sion R = C+pfA has been evaluated for Channeltrons, 
and is presented in Fig. 19. From this figure, one can 
determine the amount of tungsten shielding required to 
reduce the background interference caused by gamma- 
photon radiation from the RTG to the required level. If it 
is necessary to reduce the background counting rate 
caused by the RTG to a level no greater than the back- 
ground counting rate for all other causes, it must be 
reduced to 0.1 count/s for the Channeltron 4010 tube. 
This requires a separation of 10 f t  if 2 in. of tungsten 
shielding is used. Other separations will require different 
thicknesses of tungsten, as shown in Fig. 19. 
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Fig. 19. Background counting rate for Channeltrons 
(CEM-401, CEM-4010) caused by the Cronus RTG with 
various thicknesses of tungsten shielding 
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chromium-iron walls) may be taken to be that given in 
Fig. 17, the difference in physical size of the sensitive 
area requires that a separate evaluation be made of 
separation-distance, shield-thickness, and counting-rate 
interrelationships. The tube has an inside diameter of 
0.093 in. and an effective length of 0.300 in. The deter- 
mination of the effective sensitive area is found to be 
physically similar to that for the Channeltron. A con- 
servative assumption is that the effective sensitive area is 
a strip, 0.093 X 0.300 in., surrounded by a band, 0.1 in. 
on all sides, or a total area of 0.293 X 0.500 in., which is 
0.15 in.2 or 0.96 cm2. As was done for the Channeltron, 
the expression R = &++fA has been evaluated for these 
tubes; the results are presented in Fig. 20. As an example 
of the use of this figure, the trapped radiation detector 
may be considered. In this instrument, the Geiger counters 
have a specified dynamic counting range of 36 countdmin 
to 6 X los counts/min. If the background interference 
caused by the RTG is restricted to ?h the minimum dy- 
namic range (i.e., 18 counts/min or 0.3 counts/s), it is 
seen that 1% in. of shielding at 13 f t  or 1% in. of shielding 
at 10 ft is required. 

2. Solid-state detectors. Solid-state detectors will be 
used in the trapped radiation detector and in the cosmic 
ray telescope (see Table 5) .  Following the analysis de- 
veloped in Section V-A, the number of gamma photons 
absorbed from an impinging beam by a slab of silicon or 
germanium can be found. This is done by multiplying 
the gamma-photon flux for each energy interval by the 
absorption coefficient of the silicon (or germanium) for 
that energy interval. The gamma-photon flux for each 
energy interval has been calculated for the Cronus RTG 
design, for 1000-day-old fuel, and is given in Table 9. 
The effect of shielding on the gamma-photon spectrum 
for 1000-day-old fuel has also been calculated; Table 15 
shows the ratio of emerging to incident gamma-photon 
flux, for each of the 20 energy intervals, for tungsten 
shielding of %-, M-, %-, and 1-in. thicknesses. The ab- 
sorption coefficients involved have been calculated from 
the data given in Fig. 3, and are tabulated in Table 8. 

To calculate the background interference contributed 
by the RTG to the solid-state detectors, use is made of 
the experimental data contained in Ref. 4 and reviewed 
in Section V-A. It is shown that, for a silicon detector of 
100 mm2 X 500 pm (50 mm3), the number of counts pro- 
duced was 3.4% of the number of gamma photons ab- 
sorbed in a 1-cm-thick slab of silicon. The 3.4% value 
held at both 0.1 and 0.4 MeV, and may be assumed to be 
valid for the entire spectrum of interest. 

DISTANCE FROM SURFACE OF RTG, ft 

Fig. 20. Background counting rate for Geiger-Mueller 
tube (EON-6213) caused by the Cronus RTG with various 
thicknesses of tungsten shielding 

The product X + E p E ,  where +E is the flu rate for gamma 
photons of energy E and pE is the absorption coefficient 
for gamma photons of energy E, was evaluated for the 
energy ranges given in Table 9 for a bare Cronus RTG, 
and for the shielding-modified flux given in Table 15. 
The values of pE were taken from Table 8. The number 
of counts to be expected from a 1-cm2 X 500-pm detector 
was then calculated for each shield thickness, and is 
presented in Table 17. 

The effect of shielding on flux-energy distribution was 
only carried out to 1 in. of tungsten in Table 15; how- 
ever, an extrapolation of the effectiveness of each addi- 
tional %-in. increment of tungsten shielding was made, as 
shown in Fig. 21, and allowed the Table 17 data to be 
carried out to 2% in. of shielding. A similar extrapolation 
can be made with germanium solid-state detectors 
(Table 18) when a one-point experiment can be performed 
to determine the conversion efficiency of germanium. At 
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Table 17. Effect of tungsten shielding on spurious 
counting rate for silicon solid-state detectors 

Thickness of 
shielding, 

in. 

Mass of 
shielding, 

g/cm2 

0 
10.8 

21.6 

32.4 

43.2 

54.0 

64.8 

75.6 

86.4 

97.2 

108.0 

Gamma photons 
absorbed,” 

photons/cm3-s 

2 5 3  15 

6,839 

2,777 
1,214 

562 

278 
142 

74 

40 

21 

1 1  

Counts 
detected: 
counts/s 

878 

233 

94 
41 

19 

9.5 
4.8 

2.5 

1.4 

0.7 

0.37 

silicon solid-state detector that was used has a normal 
sensitive area of 12 mm2 and a depth of 31.7 pm. Al- 
though the background or minimum needed rate is not 
quoted, the device has a “weak inflight source” providing 
0.05 count/s or less for calibration. If it is assumed that 
a background of 2% of the calibration strength is accept- 
able, shielding and distance must be adjusted to give 
0.001 count/s from the RTG. Calculations based on 
Table 17, taking into account that the present silicon cell 
has a volume of 12 mm2 X 31.7 pm, or only 0.0076 that 
of the cell discussed in Ref. 4, and including the effect 
of separation distance (see Fig. 7), leads directly to 
Fig. 22, which shows background-separation relationships 
for several shield thicknesses. 

The other experiment cited, the cosmic ray telescope, 
is described in Ref. 11. The referenced publication indi- 
cates that the silicon detectors that are to be used will 
have a surface area of 5.7 cm2 and a depletion depth 
of 200 pm. This value is 2.28 times that used in Ref. 4, 
and the counting rate to be expected, based on the data 
tabulated in Table 17, must be multiplied by this factor 
for each shielding thickness. 

A background counting rate of 1 count/s will be under 
10% of the minimum value of interest, and is suggested 
here as a tolerable RTG background. The background- 
vs-separation relationship is shown, for several thick- 
nesses of shielding, in Fig. 23. 

Table 18. Effect of tungsten shielding on the number of 
gamma photons absorbed from incident beam by a ger- 
manium slab 

aNumber of gamma photons absorbed from the incident beam, per centimeter 
travel through silicon detector, per square centimeter per second. Silicon detector 
a t  the surfoce of the Cronus RTG, the gamma-photon beam having penetrated a 
given shielding thickness. Number of photons i s  equal to: Z 6 , p E .  

!’Number of counts per second generated by beam posring through silicon detector 
1 cm2 X 500 pm. This number is equal to 3.4% of gamma photons absorbed. I 

Thickness of 
shielding, in. 

THICKNESS OF TUNGSTEN SHIELDING, in .  

Fig. 21. Effect of Y4-in. increments of tungsten shielding 
on the ratio of spurious counts in silicon and germanium 
solid-state detectors 

present, only silicon solid-state detectors are planned for 
use in the spacecraft science experiments, and Table 17 
gives sufficient information to determine the shielding 
thicknesses needed. 

The information given on the trapped radiation de- 
tector has been summarized by Canvel (Ref. 10). The 

Mass of shielding, 

d c m Z  

0 
10.8 
21.6 
32.4 
43.2 
54.0 
64.8 
75.6 
86.4 
97.2 

108.0 

Gamma photons 
absorbed,n 

photons/cm3-s 

72,416 
15,701 
6,451 
2,808 
1,308 

647 
329 
172 
90 
48 
26 

nNumber of gamma photons absorbed from the incident beam, per centimeter 
travel through germanium detector, per square centimeter per second. Germanium 
detector a t  the surface of the Cronus RTG, the gamma-photon beom having 
penetroted a given shielding thickness. Number of photons is equal to: Z$,ps. 
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C. Summary 

Table 19 gives a summary of the required sizes and 
thicknesses of shielding to keep the background rates 
of the individual experiments within the proposed limits. 
The practical size of each spot shield depends on the 
individual experiment and its container, taking into 
account the accessibility of the components. Under some 
circumstances, a spot shield might be reduced in size, but 
such reduction depends on a detailed analysis of the con- 
tainer and enclosure for each experiment. The data in 
Table 19 are based on Figs. 19, 20, 22, and 23. 

VIII. Current ~rogrums 

Work on determining the necessary shielding from 
RTG radiation for spacecraft compor?ents and science 
experiments is continuing at JPL. To define the problem 
adequately, it is necessary to examine optimization of indi- 
vidual spacecraft configurations and science-experiment 
components with a physical position layout. The specific 
experiment configurations and their sizes, packaging, 
and disposition have an important bearing on the weight 
of the shielding required. 

As was pointed out earlier in this report, the use of 
depleted uranium as shielding in place of tungsten can 
be expected to reduce the weight of the shielding sorne- 
what (compare Fig. 9 and Table 13). 

Further evaluation of shielding requirements will con- 
sider the necessary sensitivity of the science-experiment 
instruments and the allowable spurious counting rate of 
the detectors and detector systems involved. From these 

Table 19. Weight of shielding required for science experiments in the vicinity of the Cronus RTG 

Detector parameters 

Number required per 
experiment 

Sensitive area to be 
protected, cm2 

size, cm2 
Proposed spot shield 

Background rate accept- 
able, countsls 

Tungsten shielding 
required 
1 1  ft 

in. 

g/cma 
15 ft 

in. 

g/cm2 

Individual shield weight 
at 1 1  -ft separation, g 

1 1  ft, g 

Individual shield weight 
at 15-ft separation, g 

15 ft, g 

Total shield weight at 

Total shield weight at 

Total shield weight at 
1 1-ft separation 

Total shield weight at 
15-ft separation 

LEPEDEA' 

Channeltron 

2 

1.2 

6 

0.1 

2 

86.4 

1 % 
75.6 

51 8 

1036 

454 

908 

Geiger 
counter 

1 

1 .o 

4 

0.3 

1 %  

64.8 

1 %  
54.0 

259 

259 

21 6 

216 

UV photometer 

Channeltron 

1 

1.2 

10 

0.1 

2 

86.4 

1% 
75.6 

8 64 

864 

75 6 

75 6 

Geiger 
counter 

1 

1 .o 

4 

0.3 

1 %  

64.8 

1 %  
54.0 

259 

259 

216 

216 

3649 g (8.03 Ib) 

3057 g (6.73 Ib) 

Trapped radiation 
detector 

Solid state 
(12 mm2 X 

31 pm) 

1 

0.1 2 

3 

0.001 

1 

43.2 

% .  
32.4 

130 

130 

97 

97 

Geiger 
counter 

3 

. 1.0 

4 

0.3 

1 %  

64.8 

1 %  
54.0 

259 

777 

216 

648 

Cosmic ray 
telescope 

Solid state 
(5.7 Em2 x 

200 pm) 

1 

5.7 

10 

1 

% 

32.4 

% 
21.6 

324 

324 

21 6 

216 

"LEPEDEA = low-energy proton and electron differential energy analyzer. 
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2 4 6 8 IO 12 14 16 

DISTANCE FROM SURFACE OF RTG, ft 

Fig. 22. Background counting rate for 1 2-mm2 X 31.7- 
pm silicon cell caused by fhe Cronus RTG 

data, configuration of the shielding required can be speci- 
fied in greater detail, and more subtle effects (such as 
the interaction from scattered radiation from structural 
members of the spacecraft on the experiments) can be 
evaluated. 

Concurrent analytical and experimental programs are 
underway to carry out these evaluations. The empirical 
evaluations of the sensitivities of the possible sensors, as 
presented in the preceding pages, are being supple- 
mented by an analytical program using Monte Carlo 
techniques to determine sensor responses to predicted 

1 02 

6 

4 

2 

10' 

$ 6  
a ". 4 

w 

4 
f 2  
0 

2 
U 

1 00 

6 

4 

2 

1 0- 

DISTANCE FROM SURFACE OF RTG, ft 

Fig. 23. Background counting rate for 5.7-cm2 X 200- 
pm silicon cell caused by fhe Cronus RTG 

radiation fields. At the same time, further evaluation of 
the actual response of sensors and detectors is being 
done through an extended experimental program. One 
part of the experimental program is to irradiate various 
sensors and determine the practical sensitivity vs energy 
of gamma and neutron fields (this is being done by an 
independent outside contractor). Work is simultaneously 
proceeding at JPL to irradiate sensors with continuous 
spectra to determine interference effects, and to corrobo- 
rate and guide the analytical studies. Developments in 
RTG fuels, design, and operation are being monitored 
so that any improvements can be incorporated into the 
program. 
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