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ABSTRACT

Th1s document 1s the Phase I Report of a two-phase program to
investigate the interference effects of radiation emitted by a
plutonium-dioxide-fueled Radioisotope Thermoelectric Generator
(RTG) on scientific 1nstruments carried onboard an RTG-powered
spacecraft. A review of scientific instruments commonly

carried in spacecraft was performed and the elements of the
instruments most suceptible to the RTG radiation were identified.
These elements, which 1ncluded semiconductor detectors, plastic
scintillators, CsI scintillators and a number of other radiation
detectors were exposed to a SNAP-27 fuel capsule assembly The
resultant spectral response of each detector was determined along
with the effects of various separation distances, capsule
orientations, and different shielding materials and thicknesses
A detailed analysis of the nuclear radiation emitted from the
SNAP-27 fuel capsule was also performed, including the effect

of fuel form age on the source spectrum.



TABLE OF CONTENTS

INTRODUCTION AND SUMMARY. e e e e e e
PROGRAM OBJECTIVES AND TASK SUMMARY . . . .
2.1 General . . .. .. e e e e

2.2 ' Task Summary . .. ... ..
INSTRUMENT SURVEY AND PERFORMANCE STUDY

3.1 Space Radiation Measurements

3.2 Instruments . . .. ... .. ...

oooooo

------

.......

ccccccc

3.3 Detector Selection Criterta . . . . . ..
NUCLEAR ENVIRONMENT AND SOURCE CHARACTERISTIC STUDY . . .
4.1 General . .. . ... ...,
4,2 Discussion. . ., . .

4.2.1 Radiation Source. . . . . . .

4,2.2 Gamma Source. . . . . . . ..

4.2.3 Neutron Source . .

4.2.4 Gamma Radiation Fields. . . .

4.2.5 SNAP-27 Fuel Capsule Radiation Frelds
4.3 SNAP-27 Fuel Capsule Radiation Fields As A

Function of Age . . . . . . . . . ..
4.4  Neutron Induced Activation. e e
4.5 Summary of Results.

REFERENCES. . . . . .. ... ...

RADIATION INTERFERENCE EXPERIMENTS. . . .
5.1 General . . . . . ... ... ...
5.2  Fuel Capsule to Detector Distance
53 Shields . . . . e e e e e e
5.4 Radiation Around the RTG. . . . . . .
5.5 Semiconductor Detectors . . . . . .
5.6 CsI Scintillator. . . . . . .. ..

ooooooo

.......

.......

ooooooo

......

------

3-2

4-12
4-13
£-16

422
4-24
4-34

4-35
5-1

5-5
5-5

5-21
5-24



5.7
58
5.9
5.10
5.11
5.12
5.13
5.14
5.15

CONTENTS (continued)

Plastic Scintillators. . . . . . . .
Nal Scintiliators

Cherenkov Detectors. . . . . .
Phototubes . . . . .. ... ..
Gerger Tube Experiments. . . . . .
Proportional Tube. . . . . . . ..
Channeltrons . . . . . . .. ..
Semiconductor Telescope. . . . . .
Phoswich . . . . . . . . .. ...

CONCLUSIONS AND RECOMMENDATIONS . . . . .

- . -

.....

--------

-------

APPENDIX - SNAP-27 Heat Source Assembly No. 4 Fuel
Characteristics and Processing Report . .

11

Page

5-30
5-36
5-41]
5-41
5-44
5-50
5-55
5-60
5-63

A-1



I.  INTRODUCTION AND SUMMARY

This is the final report on Phase I of a study to investigate RTG
Science Instrument Radiation Interaction for Deen Space Probes. The work
was performed for the Mational Aeronautics and Space Administration under
contract NAS 2-5222 during the period from 4 February to 30 June 1969.

During the decade of the 70's NASA 1s planning several scientific
spacecraft missions 1nto deep space to explore the outer planets and
asterord belts. These missions will be of long duration and encompass
distances up to 30 astronomical units from the sun. At these distances
the solar flux 1s greatly diminished. As a result, solar cell power supplies
become heavy compared to the Radioisotope Thermoelectric Generators (RTG's)
and, therefore, reduce the weight available for the scientific payload. RTG
power sources are, therefore, being considered for deep space probes
However, RTG's have a potential disadvantage because the radioisotope heat
sources used to power the RTG's emit gamma and neutron radiation. This
radiation may interfere with operation of some of the on-board radiation
detection 1nstruments.

A typical spacecraft for deep space missions includes a variety of
radiation measuring instruments. These instruments cover a wide spectrum
of radiation ranging from high energy solar and cosmic particles to Tow
energy X-rays, ultra-violet rays, and infrared radiation. For some of
these instruments, the radiation produced by the RTG provides a constant
background which 1s superimposed on the measured signals. However, the
extent of this interference 1s difficult to predict with confidence on a
theoretical basis.

This program was designed to investigate the possible modes of RTG
fuel capsule radiation interference with typical instrumentation found
in deep space probes and experimentally measure the effects that the
RTG w111 have on the radiation sensitive elements of the 1nstruments.
To accomplish this objective, a combined analytical and experimental
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approach was adopted which included the acquisition and use of a SNAP-27
fuel capsule Toaned to TRW by the AEC for radiation interference testing.
The program was divided in two phases. The first phase was aimed at
providing some of the most obvious and needed data required to evaluate
the problem by studying the response of radiation sensitive elements of
the spacecraft instruments individually. Phase II will extend the study
to 1nvestigate the radiation effect on instrument systems and also
includes the assessment of the radiation interference in terms of mission
objectives.

The selection of radiation sensitive elements to be studied in
Phase I was based on a survey of over a hundred previous spacecraft

experiments. The radiation sensitive elements were identified and
categorized, and the most commenly used detector types and sizes were
selected This resulted 1n a set of 26 radiation detectors which were
evaluated in the RTG radiation field.

To provide a basis for comparison between the data obtained with the
SNAP-27 fuel capsule and other RTG's, a detailed study of SNAP-27 fuel
capsule gamma and neutron radiation spectrum was performed along ﬁith
an analysis of spectral changes as a function of fuel age. Also,
radiation dose rates around the RTG and the possibility of radiation
damage and neutron activitation of spacecraft components were considered.

The report is presented in six sections. Section 2.0 1s a review
of program objectives and summary of major tasks that were performed
during Phase I. Section 3.0 describes the instrument survey and performance
study and the selection of radiation sensitive elements for radiation
interference tests. Section 4.0 gives the SNAP-27 fuel capsule radiation
characteristics. Section 5.0 describes the experiments that were performed
using the selected detectors, their response to SNAP-27 fuel capsule
radiation, and the effects of countermeasures such as separation, shielding,
and detector orientation in relation to the RTG. Section 6.0 gives several
conclusions and recommendations for further studies.
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The severity of RTG radiation interference w11l depend on the design

and objectives of each instrument.

the interference:

Type of Measurement

Cosmic ray and solar charged
particles

Energy > 100 Mev
Energy 10 to 100 Mev

Trapped Radiation

Plasma and low energy
electrons, energy < 1 Kev

uv
IR

However, 1n a general way, it 1s
possible to make the following observations regarding the magnitude of

1-3

Effect of RTG Radiation

Minor

Moderate, may require shielding
{~1 1b)

Significant during interplane-
tory flight, will reguire
shielding (1 to 5 1bs).
Moderate to minor in vicinity
of planets.

Moderate, may require some
shielding (~1 1b)

Minor

Minor



2.  PROGRAM OBJECTIVES AND TASK SUMMARY

2.1 General

The RTG/Science Instrument Radiation Interacticn Study was designed to
provide the experimenters using scientific instruments onboard RTG powered
spacecraft with basic data to assess the radiation interference caused by
the radiation emanating from the RTG. The program had a dual purpose:

o To provide data for an immediate requirement concerning
the RTG radiation interference with science instruments
selected for the upcoming Pioneer F/G spacecraft
missions.

o To provide data to assess RTG radiation interference
with science instruments selected for future
scientific spacecraft programs.

To sat1sfy these requirements, a two-phase program was initiated.
Phase I, reported herein, was a five-month effort designed to study
238Pu02 RTG fuel capsule radiation 1interference with a complement of
radiation-sensitive detectors and elements. This part of the program
consisted of identifying the most sensitive detectors and elements,
defining RTG radiation characteristics, and empirically measuring the
response of each sensitive element (primarily radiation detectors) to
the 238Pu02 radiation. In Phase II 1t is planned to extend these
measurements to complete science subsystems and two other potentially
radiation sensitive elements which were not included in Phase I. This
phase also includes plans to set up a cooperative experimental program
with experimenters that intend to fly instruments on RTG-powered spacecraft

to test their prototype flight hardware with an RTG radiation field

To fulfill the requirements for a suitable RTG radiation heat source,
TRW acquired, on Toan from the AEC, a SNAP-27 fuel capsule. This source
is roughly representative of the type and amount of radioisotopic fuel
that would be used for a deep space probe mission employing an RTG. The
source is fucled with 45 Kilocuries of “>CPuD, (1500 thermal watts)
contained in a superalloy capsule.



Pioneer F/G and Viking will use approximately twice this amount,
whereas TOPS w11l be four or five times larger. However, the SNAP-27
can be used to simulate these sources by multiplying the results
obtained with the SNAP-27 by appropriate factors because the neutron/

gamma ratios and spectra will be nearly tdentical for all these fuel
capsules

2.2 Task Summary

To satisfy the above requirements, the program was divided into
several tasks which were accomplished sequentially. These tasks, a

schedule, and other milestones are shown 1n Figure 2-1 and are summarized
below.

¢ TASKT - Instrument Survey and Performance Study

The primary purpose of this task was to review the scientific
mstrumentation used in spacecraft and identify the instruments
and/or elements of instruments that showed the most
susceptibi1li1ty to interference by the radiation from the RTG.
Since early in the program it became apparent that most problems
w11l occur with instruments that are designed to measure space
radiation itself, the majority of Phase I effort was concentrated
on the study of RTG radiation effects on radiation detectors
themselves. To select the radiation sensitive elements for a
detailed study in Phase I, a general survey of 1nstruments
commonly used 1n spacecraft science payloads was performed.
This survey included instruments that have been flown 1n the
past as well as instrument designs proposed specifically for
the Pioneer F/G spacecraft and consisted of a review of more
than 100 experiments designed to perform radiation measurements
in space. Tabulations of the detector types, sizes, and where
possible, specific makes (manufacturer and part number) were
made and the instrument configurations and the way they are
used in the science subsystems were alsc noted. From this
tabulation, the most frequently used detectors and detector
sizes were identified.
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To complete the list, several detectors that are not necessarily
commonly used in spacecraft but represent particular detector
types which are of interest for closer study of the RTG fuel
capsule radiation characteristics or else are anticipated to be
used on future missions (e.g., NaI (T2) scintillator and
channeltrons) have been added. This effort resulted in the
selectijon of 26 different radiation detectors tabulatéd in

Table 2-1. A1l of these detectors were procured, exposed to

the radiation from the SNAP-27 fuel capsule, and their spectral
responses and detection efficiencies measured. The results

gave differential spectra expressed in counts/sec—cmz-Kev

versus energy for each detector. Also, the effectiveness of
various shielding materials and the effects of detector
orientation in relation to the RTG heat source were measured.
The detectors selected for the study included CsI scintillators,
plastic scintillators, Cherenkov detectors, semiconductor
detectors, gas detectors, Nal scintillators, a channeltron

and several other detectors. This list of detectors includes
the magority of detector types and sizes commonly found in
spacecraft science payioads, including Pioneer F/G. The various
thickness detectors allow interpolation to predict the spectral
response and number of detected counts for virtually any
detector size.

TASK I - Source Characteristic Study

The objective of this task was to characterize the nuclear
radiation environment produced by the SNAP-27 fuel capsule.
The task included the assembly and cataloging of current data
on the spectrun and field produced by a 2°°Pug,, fueled SNAP-27
source (obtained from Oak Ridge National Laboratory). These
data were compared with the characteristics of a bare 238PuO2
source to determine the effect of the fuel encapsulation
materials. Also, the characterization included the effects
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HTEETORG JELECTED FOR KT6 INIERFERINCE OTHY

ITEM

PROPORTIONAL COUNTER
GEIGER TUBES

PLASTIC SCINTILLATORS

Csl SCINTILLATORS

Na! SCINTILLATORS

DESCRIPTION

HARSHAW G-15

EON 6213
EON 7302

Imm THICK, l/z DIAMETER
3mm "

iOmm
30mm "

Imm THICK, l‘/z DIAMETER

3mm
IOmm " "
1% THICK, 1% DIAMETER

1%2" THICK, 1%2" DIAMETER
1 mm THICK, 14~ DIAMETER

TABLE 2-1




HIECTORG TELECTED FOR K76 WIERIEREACE OTWY

9-2

CONTINUED
ITEM DESCGRIPTION

CHERENKOV DETECTOR I mm THICK, 1'/2 DIAMETER

3mm "

10mm

30mm °© " ”
SEMICONDUCTOR DETECTORS .050mm THICK, lcm AREA

200mm "

.5 mm THICK, chz AREA

2.mm "
PHOSWICH PLASTIC Zmm + Csl Smm THICK
SEMICONDUCTOR TELESGOPE 2 SEMICONDUCTOR DETECTORS
PHOTOMULTIPLIER TUBES RCA 6199

RCA 4440

CHANNELTRON BENDIX 4028

TABLE 2-1 CONTINUED




of different fuel impurities and age. The results of this
analysis were compared with the measured data obtained during
the Radiation Experiment Task using the SNAP-27 fuel capsule
and were found to be in agreement.

Additicnally, the Source Characteristic Study task included a
study of the potential activation of the science instrument due
to long term exposure to the RTG radiation field environment.
This was found to be an insignificant probliem.

o TASK III - Experiment Design

The task of experiment design consisted of the following
activities:

o Establishing test procedures.

o Design and construction of test fixtures, detector
containers, shields, cables, etc.

o Seiection, testing, and calibration of electronic
components used for the tests.

0 Assembly of radiation detectors.

o Detector check-out and calibration.

The equipment selected for the radiation interference testing
of each detector system 1s described in detail in Section 5.

e TASK IV - SNAP-27 Operations Plan

This task consisted of the majority of the documentation and
preparation of procedures which were required for the SNAP-Z7
fuel capsule acquisition and operations in the Radiation
Research Facility at TRW Systems, Redondo Beach, California.
IncTuded 1n this task were a detailed Radiological Safety
Plan, Training Plan, and Emergency Procedures which were
subsequently presented to both the TRW Radiation Safety
Committee and the Operational Safety Division of the AEC.
They were approved by both bodies (copies of these documents
were transmitted to NASA/AMES).



An on-site nspection of TRW facilities by the AEC 0SD/ALO was
made on 12 March 1969. On 14 March 1969, a training course was
arranged at Sandia Laboratories for TRW personnel responsible
for SNAP-27 fuel cansule operations. The course 1ncluded
procedures for unloading and loading the fuel capsule from

the Ground Shipping Cask (GSC) as well as the health physics
and emergency procedures associated with this operation.

Th1s task was completed by documenting and publishing a manual
describing the detailed operational test procedures for
operations with the SNAP-27 fuel capsule at TRW Systems.

TASK V- Radiation Countermeasure Investigation

The radiation countermeasure 1nvestigation was performed
primarily as part of the Radiation Interference Experiment
described in Part YI and contained measurements of-

0 Effects of various shielding materials.

o Effects of distance between fuel capsule and detector.

o Effect of detector orientation with respect to the
fuel capsule.

o Effect of fuel capsule orientation with respect to
detectors.

o Effect of coincidence shields.

0 Measurements of fuel capsule spectrum as a function
of detector thickness and type.

A1l results performed under this task are included together
with other experimental data 1n Section 5.0.

TASK ¥I - Radiation Interference Experiment

This task was designed to measure the direct 1nterference of
nuclear radiation from the SNAP-27 fuel capsule on the science
detectors 1dentified in Task I. The task commenced on

24 April 1969 and consisted of the following main areas of
effort
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Detector Set-Up and Check-Out -~ The science detectors and
support instrumentation were 1nstalled at TRW Systems
Radiation Test Facility and all systems were checked out

to verify proper operation and calibration.

Radiation Mapping - The SNAP-27 fuel capsule was placed 1n
the fuel capsule positioning fixture. The gamma radiation
from the fuel capsule was measured and mapped as a function
of direction in the plane parallel to the Tong axis of the
fuel capsule.

Interference Tests - The radiation detectors were exposed to
radiation of various intensities utilizing the SNAP-27 fuel
capsule and the radiation response characteristics of each
detector was measured.

Countermeasure Investigation - Tests were performed to
evaluate the effectiveness of radiation interference
countermeasure techniques. This task included the
1nvestigation of shielding and separation between the
fuel capsule and radiation detectors



3. INSTRUMENT SURVEY AND PERFORMANCE STUDY

In order to study the effects of the RTG radiation on spacecraft
equipment and 1nstrumentation, 1t was necessary to survey the instruments
commonly found 1n spacecraft and isolate the sensor elements that
appeared to be most sensitive to the RTG radiation. The survey consisted of
reviewing the operating principles of the instruments and assessing on
a theoretical basis, by considering the possible modes of radiation
interactions with each instrument, what effects the RTG may have on 1its
performance. It was not unexpected that the systems most sensitive to
RTG radiation are those designed to measure space radiation itself and
thus, the maiority of the Phase I effort was concentrated on these systems.
Other scient1fic experiments involving measurements such as magnetic
fields, plasma, detection of meteorites, radio wave propagation, UV, IR, and
video TV transmission, appeared to be either totally unaffected or else
fell 1nto a "gray" area where some effects appeared possible; however,
the exact magnitude could not be clearly established on a theoretical
bas1s. Several of the experiments listed above, where a clear assessment
of effects of RTG radiation could not be obtained during the Phase I
study, have been included for a detailed experimental evaluation under
Phase II.

3.1 Space Radiation Measurements

Radiation measurement Tnstruments 1n spacecraft are most commonly
designed to measure solar, cosmic and planetary trapped radiation fields.
The radiation of interest consists of electrons, protons, aloha particles,
and sometimes heavier 1ons with atomic weights ranging from 6 to 16.

Typical radiation measurements include the 1dentification of parti-
cle type, particle flux, energy spectra, and diraction of travel. The
energy range of interest for the space radiation is from a few ev to
several Bev. The instruments to measure these radiation fields also
range 1n design from very simple detectors that detect only the total
1on1zation caused by the space radiation to very sophisticated charged
particle telescopes capable of determining particle type, energy
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range, particle flux, and flux direction. For example, the Pioneer F&G

spacecraft contains a wide range of radiation detection systems with the
dual function of.

¢ Measuring solar and cosmic radiaticn during transit from
Earth to Jupiter.

e Measuring trapped radiation belts in the vicinity of Jupiter.

Since very dense radiation fields in the Jovian trapped radiation
belts are anticipated, the RTG radiation contribution to these measure-
ments 1s very small and should not compromise the experimental objectives,
However, for determination of belt periphery and during the time of
spacecraft flight from Earth to Jupiter at the perichery of the trapped
radiation belts, and after Jovian encounter, the spacecraft will operate
primarily in a Jow radiation envivonment { ~ 0.05 narticles sec/cmz) and
w111, therefore, suffer the most 1nterference fror the RTG radiation.

3.2 Instruments

For purposes of assessing the RTG radiation effects, the science
instruments may be subdivided into two general categories: gingle
detector systems and multi-detector systems.

The effects of RTG radiation on single detector systems are
relatively easy to present. The RTG radiation spectrum detected by a
single detector system 1s stmply added to the spectrum the detector 1s
designed to measure. The only means of reducing the RTG radiation 1s by
shielding or increasing the Tower discriminator setting, or reducing
the window width, thus rejecting part of the counts contributed by the
RTG.

Pioneer F&G has several of these single detector systems. Some
of these are 1ntended primarily to operate 1n the Jovian trapped radia-
tion belts and thus are designed to handle very high particle fluxes.
This report provides most of the data required to assess the radiation
interference caused by the RTG for these detector systems, and at least
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at present, there appears to be no problem 1n meeting most of their
scient1fic objzectives.

Multiple detector systems commonly consist of two or more detector
elements stacked next to each other i1n a telescope configuration. The
first detector 1s usually a thin semiconductor radiation detector. For
proton, alpha, and other heavy charged particle countina 1t 1s used to
detect Tow energy events when the charged particles have insufficient
energy to completely penetrate the first detector. For particles that
have sufficient energy, 1t provides dE/dx measurement for particle
1dentificaticn and also produces a gating si1gnal to gate the detectors
located behind tt. Thus, only events that occur in coincidence with the
first detector are accepted. If the instrument contains more than two
detectors. the coincidence logic demands that the events occurring 1in
the third detector be 1in coincidence with the first and the second
detector, etc  However, for detection of electrons, the second (and
subsequent) detectors are frequently operated in anticoincidence with
the first detector because the electrons do not leave enough energy 1in
penetrating the first detector to register an event.

The entire telescope assembly is frequently surrounded by an anti-
coincidence detector causing rejection of counts occurring simultaneously
n the telescope elements and in the anticoincidence shield

Thus, it appears that the most significant effects of the RTG heat
source radiation on typical multiple element radiation detector systems
w11l be as follows

o Charged particle detection - background superimposed on the
f1rst detector element of the telescope.

] Electron detection - background superimposed on the second
detector element of the telescope.

(] Overall detection system capability - background due to
accidental coincidence counts in first few elements of
the telescope and dead counting time losses caused by various

counts detected 1n all the system detector elements and the
anticoincidence shield.
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3.3 Detector Selection Criteria

The criteria for selection of radiation detectors for the RTG
Scrence Instrument Interference Study were

o Commonality with spacecraft instrumentation detectors used
in the past.

o Inclusion of at Teast one detector of each type that 1s
T1kely to be used 1n future spacecraft.

o The probabi11ty that the detector would be used on Pioneer
F&G spacecraft.

The above criteria were also used to select detector sizes, radia-
tion shields between the RTk and the detector, and the detector operating
modes.

In order to make the selection, spacecraft i1nstrumentation consistinag
of more than one hundred experiments concerned with radiation measurements
1n space was reviewed and the detector tyves, si1zss, and where possible,
specific makes as well as how they are used in the system, were
tabulated. From the tabulation, the most frequently used detectors and
detector sizes were 1dentified and included 1n the 1nterference study.

To complete the 11st, several detectors that were not nacessarily common,
but were useful for better determination of the RTG special characteristics
(for 1nstance two Nal {T1) scintillators) were added

The review also provided information for selection of radiation
shielding materials of various thicknesses which were used to provide a
set of known attenuation media between the fuel capsule and the detectors.

Additionally, the survey of spacecraft instruments indicated how the
radiation detectors should be 1nstrumented so as to provide maximum
1nformation on the effects of the RTG radiation on the detectors, as
well as provide a means of predicting the effect that the RTG radiation
will have on the complete scientifi1c experiment.



Types of radiation detectors considered as a result of the survey
are outlined below-

Ionization Chambers

Since no ionization chambers were contemplated for the upcoming
missions of RTG powered spacecraft at the time the detector selection

was made*, they have been excluded from the 1ist of detectors to be
tested

Proportional Counters

Although proportional counters are not commonly found 1n spacecraft
mstrumentation, one proportional counter was tested 1n the RTG/Science
Instrument Interference Study primarily for the purpose of obtaining Tow

energy gamma spectra and their variation as a function of shield type
and thickness.

Geiger Tubes

Gerger tubes are very common 1n spacecraft instrumentation  Among
some thirty experiments reviewed that used geiger tubes, eighteen used
e1ther Anton 213 or Anton 302 (later known as EON 6213 and 7302, respec-
tively). Thus, the two tubes identified above were selected for testing.

Scintiliators

Most of the common scintillator types are used 1n spacecraft
instrumentation. Qut of some thirty-five experiments reviewed that
mcorporated some type of scintillator, CsI and plastic scintillators
were used fourteen times each. Nal four times,.and Cherenkov racdiators
(most frequently Tucite) three times. For the sake of completeness,
all the scintillator detectors named above were included in the
study, in thicknesses of 1 mm, 3 mm, 10 mm, for plastic, CsI, and
Cherenkov detectors, 030" and 1.5" for Nal and aiso one 1.5" thick Csi
crystal. Most of these scintillators are 1-1/2" 1n diameter and are
operated with RCA 6199 and/or 4440 photomultiplier tubes.

* (Verbal communication from NASA AMES.)



Semiconductor Detectors

Semiconductor radiation detectors are very commonly used 1n
spacecraft instrumentation. Their si1zes, types, and the way 1n which
they are used vary widely with each experiment. To cover the majority
of cases, four semiconductor detectors were selected for this study.
The detectors are 50 and 200 wmicron thick 1 cm2 area s1licon surface

2

barrier and 500 and 2,000 micron, 0.8 cm™ area stiicon Tithium drift.

PM Tubes

Seventy-five percent of the photomuTtipliers that were 1dentified
1n the spacecraft instrument survey were either RCA 6199 or 4440, or their
equivalent. Thus, these two photomultipiiers were selected for the
exnerimental study and were used with most scintillators in the experiments
To see 1f any significant signals were generated by direct interaction of
the tube structure with the RTG heat source radiation, these tubes were
also exposed to the RTG radiation without scintillators

Coincidence Systems

o Phoswich

A phoswich 1s a scintillation radiation detector that 1s quite
common in spacecraft instrumentation. It consists of a sandwich
of fast {e.qg., plastic) and slow {e.g., CsI) pulse-producing
scintillating materials optically coupled together and viewed
by a single photomultiplier tube. An electromic circuit
separates the fast and the slow electronic pulses and thus can
determine 1f the nuclear 1nteraction took place 1n the first,
the second, or both scintillators. This scheme is frequently
used for coincidence counting and discrimination between
charged particles and gammas. One such phoswich scintillator
consisting of a 2 mm P1lot B plastic scintillator and a 5 mm
thick CsI crystal was procured for tests in this study to

determine the spectrum of RTG radiation that will be detected
in coincidence between the two scintillators.



Cotncidence Counts Between Two Semiconductor Detectors

Semiconductor radiation detectors 1n spacecraft instrumentation
are very frequently used in sets of two or more and operate 1n
the coincidence mode for charged-particie spectroscopy RTG
radiation w11l cause a certain amount of coincidence counts

due to the statistical probability of nuclear interactions
occurring simultaneously in the two detectors.

The coincidence counts due to this effect are statistically
1ndependent and could be predicted by knowing certain electronic
parameters and the response of each detector to the RTG

radiation separately. However, a certain amount of statistically
dependent coincidence counts is also anticipated as a result of
nuclear reactions 11ke Compton scattering of gammas occurring in
the detector and one component of radiation escaping from the
first detector and entering the other, or protons produced by
{n,p) reactions and penetrating both detectors, etc. To measure
th1s statistically dependent component of coincidence counts, two
semtconductor detectors were arranged in a charged particle
telescope configuration and 1nstrumented to measure the spectra
of coincidence counts. The spectra of statistically independent
components of radiation was measured by physically separating

the two detectors with a shield. Both the statistically dependent
and independent components were measured by removing the shield
and nlacing the detectors next to each other

Channeltrons

power.

Channeltrons are very small, reliable, 11ght, and require I1ttle
Therefore, they have become popular 1n spacecraft instrumentation.

Channeltrons are customarily used as electron detectors 1n electrostatic

or magnetic electron spectrometers or for detection of UV radiation.

Although it is anticipated that the RTG radiation will 1nterfere

very 11ttle with the channeltrons, one channeltron (Bendix CEM 4028) was
selected for inclusion 1n this study. The channeltron was operated in
the saturated mode, exposed to the RTG radiation and the channeltron
output recorded with a pulse height analyzer.
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4. NUCLEAR ENVIRONMENT AND SQURCE CHARACTERISTIC STUDY

4.1 General

The purpose of thi1s task was to estimate the expected radiation
fields from the radioisotope fuel capsule used in the radiation
interference experiments. The information in the current Titerature
was reviewed and the most reljable data selected for use in estimating
the radiation fields. Discrepancies in the literature for the gamma
radiation source have been found. A discussion of these discrepancies

and the expected radiation field from the fuel capsule 1s presented 1n
this section.

In addition, an estimate of the radiation field surrounding a
SNAP-27 radicisotope fuel capsule two years after fuel encapsulation
was made. Also, two effects that may alter the radiation field
surrounding, the fuel capsule were considered. These two effects are
attenuation of emitted radiation by air, and neutron-induced activation
of materials external to the fuel capsule.

A processing report from Mound Laboratory describing the history
and characteristic of the fourth SNAP-27 fuel capsule used 1n this
program 1s 1ncluded as an appendix to this report.

4.2 Discussion

4,2.1 Radiation Source

The isotope used in the SNAP-27 fuel capsule 1s plutonium-238.
The fuel product obtained from the separation process contains
several other plutonium isotopes in fair abundance in addition to
the plutonium-238. A typical distribution of 1sotopes obtained n
the plutonium fuel product is given in Reference 1 and is presented
1n Table 4-1. The fuel form used in the fuel capsule 1s plutonium
dioxide, Pqu. As discussed later, references to gamma and alpha

radiation outputs per gram of plutonium may be converted to radiation

outputs per gram of Pu02 fuel form with fair accuracy by using
the ratio of the molecular weights of Pu to Pu0, (0.8816). However,
the neutron radiation outputs of Pu and Puo2 d;gfer by roughly a
factor of ten due to the o, n reactions with 0~ and other Tight
elements 1n the oxide fuel form.
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TABLE 4-1: Typical Distribution of Isotopes
In Plutonium-238 Isotopic Fuel

Metal)
ISOTOPE PERCENT ABUNDANCE (%)
Pu-236 0.00012
Pu-238 .81.0
Pu-239 15.0
Pu-240 2.9
Pu-241 0.8
Pu-242 0.1
Np-237 0.5
Th ) 0.01
U 0.005
Others 0.3

Although Table 4-7 shows that plutonium-238 is the predominant
1sotope in the PuO2 fuel form, Reference 1 also shows that a 2.6 Mev
gamma 1n the complex plutonium-236 decay chain can result in a
constderable gamma radiation field five years after encapsulation.
Thus, the relatively small quantity of plutonium-236 1n the fuel
form 1s important and must be considered in the analysis of the
gamma radiation fields.

4,2.2 Gamma Source

For times of less than one year after encapsulation, the gamma
source associated with the plutonjum-238 fuel results mainly from
the alpha decay of plutonium-238. However, spontaneous fission,
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f1ssion products, and gamma rays from the alpha-neutron reaction with
oxygen-18 also contribute to the gamma source. For longer times
after encapsulation, the plutonium-236 and plutonium-241 mmpurities
in the source may contribute significantly.

The alpha and beta activities of the pTutonium-238 fuel product

are presented in Table 4-2 (Reference 2).

TABLE 4-2- Alpha and Beta Activities gf
Plutonium-238 Fuel Product

Contribution to the
Activity of Pure Activity of 1 Gram of

Isotope Abundance, % Isotope, d/sec-gm Fuel Product d/sec-gm
238py 81 6.35 X 1011 5.14 X 10" (a)
239, 15 2.27 % 10° 3.41 X 10° (o)
240, 2.9 8.38 X 10° 2.43 X 108 (o)
21, 0.8 4.12 x 1012 3.30 X 10'C (g)
202, 0.1 1.44 % 108 1.44 X 10° (a)
236p, 0.00012 1.97 x 10" 2.37 X 107 (a)

* To convert to PuOZ, muitiply by 0.8816

Table 4-2 indicates that the plutonium-238 isotope 15 the most

important alpha source. The alpha emission 1s accompanied by
gamma radiation whose source strength is found by combining the
alpha activity with the y1eld fractions for the alpha decay
process and the branching ratios for the concomitant gammas.
The alpha activity reported above for plutonium-238 was based
on an alpha-decay half-Tife of 87.404 to 0.471 years is measured



by Mound Laboratory {Reference 3). The half-lives of 86.7 and
89.6 years used by TRW {(Reference 4) and Isotope Incorporated

(Reference 5) respectively will give s1ightly different alpha
activities.

In Table 4-3 are tabuiated the gamma activities due to alpha decay
of plutontum-238 as calculated by various sources. The activities
are based on one gram of plutonium-238 fuel product (Table 4-1).

TABLE 4-3. Calculated Gamma Activities
(gammas/gm-sec)

Gamma Energy LASL, 1967 Mound Lab., 1967 TRW, 1966 Isotopes Inc.,

(Mev) (Ref. 2) (Ref. 3) (Ref. 4) 1964 (Ref. 5)
0.017 6.7 x 1010 — e ——-

0 043 2.0 x 108 1.93 X 10° 1.49 x 101" 1.92 % 108
0.099 2.6 % 107 4.60 X 10 5.30 ¥ 102 4.02 X 10’

0 150 5.2 X 10° 5.10 X 10° 2.66 X 107 5.03 x 10°
0.203 2.0 X 10% 2.04 X 107 212 x 104 201 x 10*
0.760 2.6 X 10° 2.28 X 10° 2.66 X 10°  2.50 X 10°
0.810 - 9.10 X 107 - 5.02 % 10
0.875 - - 1.06 X 10°  1.00 X 10°

*Based on 1 gram Pu-238 fuel product with 81% Pu-238. Multiply by 0.8816
to convert to grams of Pu02.

The data concerning the yield fractions for some of the alpha decay
processes and the branching ratios for the concomitant gammas are
rather scarce. The decay mode which produces the 0.76, 0.810, and
0.875 Mev gammas 15 the most poorly defined. Earlier experimental
data (Ref. 6) 1ndicated that the yield fractions were 5 X 10"5, 0,
and 2 X ]0'5, respectively. Reference 3 (1967) reports values of

5 X 10'7, 2 X 10_7, and O respectively for the yield fractions.
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However, private communication with Mound Laboratory (Ref. 7)
revealed that the recently measured gamma spectra from a SNAP-27
fuel capsule showed Tittle contribution to the gamma spectra at
0.810 and 0.875 Mev., In contrast the measured spectra showed a
large contribution at 0.760 Mev. Recently, Matlack, Bubernak, and
Metz at Los Alamos Scientific Laboratory (Ref. 8) measured the
gamma spectra emitted by plutonium-238 metal. Their results are
presented in Table 4-4, The activities agree well with the cal-
culated activities for the 0.099, 0.15, and 0.203 Mev gammas.
Additionally, the higher energy gammas are clearly defined 1n
energy and activity, clarifying the previously ambiguous values
for these gamma energies

TABLE 4-4: Measured Gamma Activities of Pu-238
in Pu-238 Fuel Product* by LASL, 1968

Gamma Energy Activity
(Mev) {garmas/gm-sec) **

0 0996 3.82 X 107
0.1525 3.50 X 10°
0.201 2.06 X 10°
0 7824 2.32 x 10%
0 7658 1.03 X 10°
0.7858 1.445 x 10°
0 8076 3.09 X 10°
0 8513 6.20 X 10°
0.8829 3.82 X 10°
0 9265 2.58 X 10°
0.9418 3.10 X 10°
1.0011 4.4 X 10°
1 0418 7.03 X 10°
1 0851 5.16 X 10°

"Measured 1-1/2 months after fuel purification

**Based on 1 gram Pu-238 fuel product with 81% Pu-238
Multiply by 0.8816 to convert to PuO2
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Good agreement exists between the calculated gamma activities (Table
4-3) for 0.760 Mev and Tower energy gammas except for the 1966 TRW
calculated values. The yield fractions and branching ratios selected
by TRW 1n 1966 for the 0.043, 0.099, and 0.150 Mev gammas were based
on older and sparse data which has since been updated. As discussed
in the previous paragraph, the 0.810 and 0.875 Mev ganmas show up
experimentally with small yield fractions. 1In Tight of the previous
discussion, the gamma activites measured by LASL (Table 4-4) (Ref. 8)
for the alpha decay of plutonium-238 are the best to date.

Also, LASL (Ref. 2) calculated the gamma activities of the other
plutonium 1sotopes. These activities are presented in Table 4-5.

TABLE 4-5: Gamma Activities of Plutonium Isctopes

Isotope Energy, Mev Photons/gm—sec*
239, 0 017 (L x-ray) 3.4 X 107
0.052 2.4 X 104
240p,, Negligible
241, 0.145 < x 10t
236, 0.048 <7x100

*Based on 1 gram Pu-238 fuel product with 81% Pu-238.
Multiply by 0.8816 to convert to grams PuOZ.

The gamma activities of the plutonium 1sotopes other than plutonium-
238 contribute 1ittle to the total gamma activity as can be seen by
comparing the values in Table 4-5 to those 1n Table 4-3.

An additional source of gamma rays results from the spontaneous
fission of plutoni1um-238 and the concomitant fission products.
Both prompt fission and fission product gammas are emitted in a
spectrum of energies.
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The spectrum and yield fractions for uranium-235 fission gammas were
obtained from Reference 8 and are presented 1n Table 4-6. The spec-
trum of fission gammas should nct vary significantly for plutonium-
238 fission so that the fission gamma characteristics presented 1n
Table 4-6 are considered valid for plutonium.

A third source of gamma radiation results from the (¢, n) reaction
with the oxygen-18 isotope of the PuO2 fuel form which produces an
excited state of Neon-21 that decays by prompt gamma emisston.
Table 4-7 obtained from Reference 1, shows the gamma rays from the
alpha particle 1nteraction with oxygen-18. A comparison of results
presented 1n this table with the gamma ray source associated with
spontaneous fission presented 1n Table 4-6 shows that the gamma
source from the (a, n) reaction is about a factor of two greater
than the fission gamma source.

However, the alpha-neutron gamma ray source 1s sti111l a factor of
about 40 smaller than the gamma ray source from the alpha decay
of plutonium-238 and, thus, the alpha decay gamma ray source 1s
usually the most important to consider from a radiation hazards
standpoint.

Table 4-4, Table 4-5, Table 4-7 and Figure 4-1 give the entire
effective gamma ray source for PuO2 fuel form for times of less
than one year after fuel separation. For times greater than one
year after separation, the decay gammas from the plutonium-236
and plutonium-241 mpurities represent an increasingly signifi-
cant gamma source. Gamma rays will result from the radioactive
decay of daughter nuclides of plutonium-238 and plutonium-241
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TABLE 4-6: 238Pu Fission Gamma Spectrum Derived From

Megsured 235U Fi1ssion Gamma Spectrum

Energy Median Gammas Gammas per Second

Band Energy Per Per Gram of
(Mev) gMevi Disintegration Pu-238 Fuel Product

Prompt Fission Gammas
- 0.75 0.5 3.1 2.76 X 10°

75 - 1.25 1.0 1.9 1.69 X 10°
25 - 1.75 1.5 0.84 7.48 X 10°
.75 - 2 25 2.0 0.55 4,90 X 10°
.25 12,75 2.5 0.29 2,58 X 10°
75 - 3.25 3.0 015 1.34 X 10
.25 _ 3.75 35 0.062 5.51 X 10
.75 - 4.25 a0 0.065 5.79 X 10
25 - 4,75 4.5 0.024 2.14 X 10
.75 - 5.75 5.0 0.019 1.69 X 10!
.25 - 5.75 5.5 0.017 1.51 X 10/
.75 - 6.25 6.0 0.007 6.2

25 - 6.75 6.5 0.004 3.5

Fission Product Gammas
- 0.60 0.4 1.61 143X 10°

60 - 1.05 0.8 4.84 4.30 X 10°
05 - 1.50 1.3 0.496 4.41 X 10°
.50 - 1.94 1.7 0.624 5.55 X 102
.94 - 2.34 2.18 0 311 2.77 % 10°
.34 - 2.65 2.5 0.01142 1.02 X 100
.65 - 30 2.8 0.01142 1.02 X 100

TABLE 4-7-  Gamma Rays from the (a, n) Reaction in Pug,

Energy Gammas per Second
;Mevi per Gram of
Pu-238 Fuel Product
00 -0.5 8.5 X 10°
0.5 - 1.0 0.0
1.0 - 2.0 2.50 X 10°
20 - 3.0 7.7 % 10°
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The decay chain for plutonium-236 obtained from Reference 2 1s
shown below in Figure 4-2

236Pu 2.85 Y ” 232U 72 Y 228Th 191Y
[+ 3

o

0.16 s

o

224Ra 3.62 d ZZORn 52 s 216

—_— Po
[+ 4

B
(66%) | 60 m 8 {3m
21255 " 0.3 us 208pp "
G (Stable)

Figure 4-2. Plutonium-236 Decay Chain

The rate-controlling step 1n the seguence, as far as the formation
of gamma-emtting daughters 1s concerned, is the growth of 1.9]
year Th- 228 The amount of gamma activity from lead, bismuth, and
thallium daughters increases with time after purification of the
plutonium fuel product, reaching a maximum in 18 years.

The principal gamma rays of these three elements and their abun-
dances are shown in Table 4-8 (obtained from Reference 2) based
on Th- 228 disintegration. This convention is used since these
short-T11ved daughters are nearly always seen in equilibrium with
Th-228, and because of the branching decay of B1-212



Sourc

The neutron source from PuO2 fuel has been calculated and measured
by several organizations. Presented 1n Table 4-11 are the values
reported in the li1terature. The values for the total neutron source
are 1n fair agreement. The low value reported by LASL 1s based on a
reduced content of oxygen-18 in the oxygen of the Pu02. The two
measured values are direct measurements reflecting source self-
absorption and shielding by cladding materials. The SNAP-27 measure-
ment of 2.2 X 104 n/gm-sec 1s then 1n good agreement with the source
values of 2.6 X 104 and 2.8 X 104 n/gm-sec calculated by References
4 and 1, respectively Presented 1n Figure 4-3 is the neutron spec-
trum measured by Reference 7 for the SNAP-27 fuel capsule.

TABLE 4-17: Neutron Source from Plutonium Oxide
(Neutrons/sec-gm)™*

e of Data Reference Spontaneous Alpha-Neutron Neutron Total

Fission Reactions Induced Neutron
With Oxygen Fission Source

Isotopes 5 (1964) 2.64 X 10° 3.33 X 107
Incorporated
TRW 4 (1966) 26 X10° 1.7 x 10* 646 X 10° 2.6 x 10%
Savannah River 1 (1965) 1.9 X 10° 1.9 x 10% 6.9 X 10° 2.8 x 104
Laboratories 2.1 X 10%x
Mound 3(1967) 3 X 10° 1.9 x 10
Laboratory
Mound 7 (1968) 2 75 X 10° 2,22 X 10%*x
Laboratory

LASL 2 (1967) 2.1 X 10° 1.13 X 10*
* ek *Fkk

Based on 1 gram fuel product Measured Value. Measured Value of SNAP-27

Pu-238 Fuel Capsule

4.2.4 Gamma Radration Fields
In the calculation of gamma radiation fields by various sources,

differences have arisen in the calculated values. The causes of the
differences may be attributed to two areas: (1) the selection of
gamma source activities and (2) the calculated transport of the gammas
through materials.
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Differences 1n the gamma source activities result mainly from the
scarcity of data for some of the gamma yield fractions and branching
ratios  Additionally. different half-Tife values for the decay modes
have been used in determining the gamma activities resulting 1n small
differences. It can be seen in Table 4-3 that disagreement exists
over the yield fractions for the 0.810 and 0.875 Mev gamma. As dis-
cussed 1n Section 4.2.2, recent experimental data indicate that the
yield fractions for these two gamma rays is small. Inclusion of the
small y1eld fractions in place of the previously used larger yield
fractions for the 0.810 and/or 0.875 Mev gammas 1n the gamma source
w11l cause an appreciable change in any calculated gamma field.

Differences 1n the source values for the lowest energy gammas
w11l not change calculated gamma fields since these gammas are
almost completely attenuated by self-absorption of the source and
the shielding of the fuel cladding materials. Hence 1nclusion or
exclusion of the high intensity Tow-energy "L." X-ray reported by
LASL w111 not affect calculated gamma fields. Also, the high
values of gamma activities used by TRW for Tow energy gammas
should not significantly affect calculated gamma fields.

At first glance the gamma activities reported in the Titerature
may seem 1n disagreement. The activities are reported on the
bases of 1 gram pure plutonium-238, 1 gram plutonium fuel pro-
duct {81% plutonium-238) and on 1 watt of power. <Confusion may
ex1st when the activity basis 1s stated as 1 gram Pu-238. A
19% difference exists between the pure Pu-238 and Pu-238 fuel
product basis.

Another difference i1n gamma source activities may result from the
time dependence of the gamma source. The plutonium-236 and plu-
tontum-241 tmpurities in the plutonium-238 fuel product cause the
gamma activity of the source to increase with time after encap-
sulation of the fuel. Depending on the time after encapsulation,
the calculated gamma field will have different values,
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The gamma f1eld calculated using the same gamma source will vary

due to differences i1n cross-section values, buildup factors, and
self-absorption values used 1n transport calculations. Character-
istically, the differences in these values w11l cause calculated
values to differ by a factor of 2 or more. The standard deviation
of the cross-section values may alone cause a factor of 2 difference
in transported gamma values.

The source geometry model used for the transport of the gamma rays
may affect calculated results. However, for gamma fields calculated
for distances far from the gamma source, all source models wi1ll act
as a point source with ]/R2 behavior.

4.2.5 SNAP-27 Fuel Capsule Radiation Fields

The radioisotope fuel used 1n the SNAP-27 fuel capsule is plu-
ton1um-238 1n the form of plutonium dioxide microspheres. The fuel
1s contained in a cylindrical annulus as shown 1n Figure 4-4. The
capsule produces 1480 watts of thermal power. Uti1l1zing the dimen-
stons given 1n Figure 4-4 and the fact that one gram of plutonium-
238 produces 0.55 watts, the density of the fuel was found to be
5 92 gn/ems

For purposes of computing the gamma ray fields around the fuel cap-
sule the radiation source was assumed to consist of two Ttne sources
as shown 1n Figure 4-5. The 1ine source intensities were scaled by
the volume fractions of each of the two sections of the fuel annulus
denoted by the dotted lines 1n Figure 4-5 (Sections A and B). The
methods outlined by Case & Zweifel (Ref. 10) for the treatment of
source self-attenuation were used. The gamma mass absorption
coefficients for the source region and cladding material are shown
in Table 4-12. The values were obtained from Reference 11  Gamma
ray buildup factors to account for scattered radiations n all cal-
culations were taken from Reference 9. The gamma source used in the
gamma f1eld calculations 1s shown 1n Table 4-13 and Figure 4-1. These
values were derived by utilizing the data presented 1n Table 4-4,
Table 4-6, and Table 4-7, corredsponding to the best gamma source
values available to date.
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TABLE 4~12- Mass Absorption Coefficients
Energy Group Median Energy Pu02 Mass Absorption Superalloy Mass

(Mev) Coeffrcrents  Absorption Co-
(cm?/gm) en?/am)
1 0.05 9.902 2.289
2 0.10 1.591 0.9077
3 0.15 2.296 0.3760
4 0.20 1.148 0.2257
5 0.80 0.0953 0.0682
6 1.0 0.0756 0.0600
7 1.5 0.0553 0 0487
8 2.0 0.0480 0.0426
9 2.5 0.0458 0.0396
10 3.0 0.0437 0.0366
1 4.0 0.0427 0.0341
12 5.0 0.0432 0.0329
13 6.0 0.0436 0.0321
TABLE 4-13- Gamma Source From PuOy Fuel for
Times Less Than One Year
Energy Group Median Energy (Mev)¥* Act1v1ty**
(gammas/sec-gm)
1 0.05 2 00 X 10°
2 0.10 3.82 X 107
3 0.15 3.50 X 10°
4 0.20 3.05 X 10%
5 0.80 1.60 X 10°
6 1.0 1.34 X 107
7 1.5 2.60 X 10°
8 2.0 1.61 X 10°
9 2.5 6.53 X 10°
10 3.0 3.64 X 10°
1 4.0 6.86 X 10"
12 5.0 3.51 X 10!
13 6.0 1.72 X 10

*Median energy 15 adjusted in some cases to agree with most abundant gamma
n group.

**Based on 1 gram of Pu-238 fuel product.
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The results of the gamma f1eld calculations are presented 1n Figure
4-6 and Table 4-14, showing the gamma ray spectrum and 1ntensity at
one meter from the capsule centerline. The gamma intensity at other
distances can be found by assuming the field falls off as 1/R2. This
1s a good assumption for distance greater than 100 cm. The spectrum
shown 1n Figure 4-6 will be somewhat harder than the actual measured
spectrum due to the use of the buildup factor approximation.

TABLE 4-14: Calculated Gamma Radiation Field of
the SNAP-27 Fuel Capsule at One Meter

Group Median Energy Gamma FTux 5 Dose Rate
(Mev) (gammas/sec-cm”} (Roentgens/hr)
1 0.05 4.36 X 10° 572 X 107%
2 0.10 2.08 X 10° 316 X 1073
3 015 1.60 X 10° 4.21 x 1074
4 0 20 2.92 X 10! 1.095 X 107°
5 0.80 1.55 X 10° 2.48 X 1073
6 1.0 158 X 102 2.96 x 1074
7 1.5 339 X 10! 8.92 X 1072
8 2.0 2 27 X 10! 7.33 X 1072
9 2.5 9.31 X 10° 3.54 X 107°
10 30 5.23 X 10° 2.22 X 1075
1 4.0 9.96 X 107 5.11 X 107
12 5.0 5.03 X 107 3.17 x 1070
13 6.0 2.44 X 107! 1.75 X 107°
TOTAL 2.82 X 107 7.17 x 1073
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Since the neutron radiation field generated by the SNAP-27 fuel cap-
sule was directly measured by Mount Laboratory (Ref. 7, 1968), the
f1eld was not calculated here. The measured neutron spectrum per

gram of plutonfum-238 fuel product 1s shown in Figure 4-3. The neutron
intensity of 2.2 X ]04 n/gm-se¢ is in agreement with other reported
values (Table 4-9) For the 1480 watt (thermal) SNAP-27 capsule,

the corresponding neutron intensity is 5.92 X 107 n/sec This value
can be used as an effective point source. Then the neutron flux at
radial distance R from the center at the capsule can be found from

Equation 1
5 92 X 10 n/sec
FL (R) = >
4R
where.
FL (R} = Neutron flux at radial distance R (n/sec-cmz)
R = Radial distance from source (cm)

At one meter from the SNAP-27 fuel capsule the neutron flux is 471
n/sec—cmz.

4 3 SNAP-27 Fuel Capsule Radiation Fields As A Function of Aae

The SNAP-27 fuel capsule of i1nierest was assumed to have aged
2 years since fuel encapsuiation. Given 1n Section 4.2 1s the radiation
source for times of Tess than one year. At two years after fuel encapsu-
lation, there is an added source of gamma radiation from the growth of
daughter nuclides 1n the Pu-236 and Pu-241 decay chains. Presented 1n
Table 4-15 1s the gamma source at times less than one year and at two
years (from data presented in Section 4.2)
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TABLE 4-15 AGE EFFECT ON SNAP-27 FUEL CAPSULE
GAMMA ACTIVITY

Median Energy Activity
Group (Mev) (gammas/sec-gm) *
<1 yr. 2 yrs.
1 0.05 2.00 X 10° 2.38 X 10°
2 0.10 3.82 X 107 3.82 X 10/
3 0.15 3.50 X 10° 3.50 x 10°
4 0.20 3.05 X 104 1.205 X 10°
5 0.80 1.60 X 10° 1.92 X 10°
6 1.0 1.3 x 10* 134 x 10°
7 1.5 2.60 X 10° 2.60 X 10°
8 2.0 1.61 X 10° 1.61 % 10°
9 2.5 6.53 X 10° 378 x 10°
10 3.0 3.64 X 10° 3.64 X 10°
1 4.0 6.86 X 10 6.86 X 10'
12 5.0 3.51 X 10 3.51 X 10}
13 6.0 172 X 10 1.72 X 10!

* Based on 1 gram of Pu~238 fuel product

Using the source model and methods given 1n Section 4.7, and the
gamma source spectrum at two years { 4-15 ), the gamma field was calcu-
lated at one-half, one, three, and ten meters from the fuel capsule center-
line. The effect of air attenuation was calculated by using exponential
attenuation without buildup or scattering. This 1s a valid assumption as
even 10 meters of air 15 eguivalent to less than 1/2 a mean free path for
the Towest energy gammas. It was found that the air attenuation reduced

the dose rate at one-half meter by 1.6%, at one meter by 3%, at three
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meters by 8.8%, and at ten meters by 26.6%. Presented in Figure 4-7 is
the calculated gamma dose rate profile around the SNAP-27 fuel capsule.
In Figure 4-8 the gamma dose rate is plotted as a function of radial
distance.

A check of the exponential attenuation of neutrons by air for the
neutron spectrum of the fuel capsule ndicated that the air attenuation
1s negligible for the neutrons. Thus, the neutron field results given
in Section 4.2 can be used. Presented 1n Figure 4-9 1s the calculated
neutron dose rate profile around the SNAP-27 fuel capsule. In Figure
4-8 the neutron dose rate is plotted as a function of radial distance
along with the gamma dose rate. The necessary dose rate conversion
factors were obtained from Reference 9. The total radiation fields
(neutron and¢ gamma fields) at one-half, one, three, and ten meters are
presented 1n Tables 4-16, 4-17, 4-18 and 4-19, respectively.

4.4 Neutron Induced Activation

The gamma ray field resulting from neutron induced activation of
materials external to the fuel capsule may be significant compared to
the gamma ray field generated by the fuel capsule itself. Presented
here is an estimate of the relative values of these two components of
the gamma f1eld at a selected flux point external to the capsuie. The
methods and data 1n Reference 12 were utilized to calculate neutron
activitation of several materials. Of specific interest are materials
used 1n construction of scientific instruments. The materials considered
here are aluminum, stainless steel, iron alloys, copper, beryllium, and
titanium.
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TABLE 4-16:- CALCULATED RADIAL RADIATION FIELD AT QNE-HALF
METER FOR A SNAP-27 FUEL CAPSULE

GAMMA FIELD NEUTRON FIELD
Energy Gamma Gamma Energy Neutron Neutron
Interval Flux Dose Rate Interval Flux Dose Rate
{Mev) ( gammas/sec-cm”) (MREM/HR) (Mev) (N/sec-cm”) (MREM/HR)
0 - 0075 1.915 x 10* 2,508 X 10° 0.2 - 0.6 159.6 9.68
0.075 - 0.125 7 779 X 10% 1.205 X 10! 0.6 - 1.0 256 8 24.92
0.125 - 0.175 6 334 X 10° 1.678 % 10° 1.0 - 1.4 226.8 26 80
0.175 - 0.50 4,544 X 10° 1.704 X 107 1.4 - 1.8 225.2 26 40
0.50 - 0.90 7.517 % 10° 1.202 % 10’ 18-2.2 244.0 28.80
0.90 - 1.25 6.17 X 10° 1.184 X 10° 2.2 - 2.6 245.2 29 00
1.25 - 175 1.351 X 10 3.563 X 107 2.6 -30 195.2 23.64
1.75 - 2 25 907 X 10 2.929 X 107 3.0 - 3.4 163.2 20.72
2.25 - 275 2.146 X 10° 8.049 X 10° 3.4 - 3.8 75.6 10 00
2.75 - 3.5 2.087 X 10 8.871 X 1072 3.8-46 56.0 7.84
3.5 - 4.5 4.017 X 10° 2.129 X 1072 4.6 - 6.6 33.0 5.28
4.5 - 5.5 2.034 X 10" 1.281 X 1072 6.6 -13.0 10 9 2.18
55 - 6.5 9.89 X 107 7126 1073 || coeeoe | e | e
TOTAL 1.142 X 10° 385 X100 || ememee- 1891.48 215.26

* Fuel has been encapsuled for 2 years
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TABLE 4-17

FOR A SNAP-27 FUEL CAPSULE*

CALCULATED RADIAL RADIATION FIELD AT ONE METER

GAMMA FIELD

NEUTRON FIFLD

Energy Gamma Gamma Energy Neutron Neutron
Interval Flux 9 Dose Rate Interval Flux Dose Rate
(Mev) {gammas/sec-cm”) (MREM/HR) {Mev) (N/sec-cm™) {MREM/HR)

0 - 0 075 4 184 X TO3 5.481 X 10_] 0.2 - 0.6 39 9 2 42
0075 - 0.125 1.978 X 10% 3.066 X 10° 0.6 - 1.0 64.2 6.23
0.125 - 0.175] 1557 x 10° 4.127 X 107" 1.0-14 | 56.7 6 70
0.175 - 0.50 1.122 X 10° 4.208 X 1072 1.4 - 1.8 56 3 .60
0.50 - 0 90 1 844 X 103 2 950 X 100 1.8 - 2.2 61.0 7.20
0.90 - 1.25 1.520 X ]02 2.919 X 'IO—-t 2.2 - 2.6 61.3 7 25
1.26 - 1.75 3.355 X ]OT 8.825 X 10_2 2.6 - 3.0 48.8 5 9]
1.75 - 2.25 2.250 X 161 7.268 X 10-2 3.0 - 3.4 40.8 5.18
2.2% - 275 5.338 X 102 2 001 X 100 34-23.8 18.9 2.50
2.75 - 35 5.193 X 10 2 207 % 1072 3.8 - 4.6 14.0 1.96
3.5 - 45 9.890 X 107 5.246 X 1075 4.6 - 6.6 8.25 1.32
4.5 - 55 5.000 X 107 3.151 X 1073 6.6 -13.0 2.72 0 545
55 - 6.5 2 420 X 107 1,748 X 103 || cmeeee | emeem ] oo
TOTAL 2,823 X 104 9.506 X TOO ------ 472 .87 53.815
* Fuel has been encapsuled for 2 years
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TABLE 4-18-

FOR A SNAP-27 FUEL CAPSULE*

CALCULATED RADIAL RADIATION FIELD AT THREE METERS

GAMMA FIELD

NEUTRON FIELD

Energy Gamma Gamma Energy Neutron Neutron
Interval Flux Dose Rate Interval Flux Dose Rate
{Mev) (gammas/sec-cm™) {MREM/HR) (Mev) (N/sec-cm™) | (MREM/HR)

0 - 0.075 4.284 X 10° 5.613 X 1072 0.2-0.6 | 4.43 0.268
0.075 - 0.125 2 070 X 10° 3.209 X 107! 0.6 - 1.0 7.13 n.692
0.125 - 0.175 1.642 X 10° 4.352 X 1072 1.0 - 1.4 6.30 n.744
0.175 - 0.50 1.189 X 10’ 4.461 X 107° 1.4 - 1.8 6.25 0,733
05 - 0.90 1.994 X 10° 3.191 X 107 1.8 - 2.2 6.77 0.800
0.90 - 1.25 1.646 X 10° 3161 X 1072 2.2 - 2.6 6.81 0.805
1.25 - 1.75 3.656 X 100 9 615 X 10_3 2.6 - 3.0 5.42 0.656
1.7 - 2.25 2.464 % 10° 7.959 X 107 3.0 - 3.4 4.53 n.575
2.25 - 2.75 5.840 X 10] 2.190 X 10_1 3.4 - 3.8 2.10 n.277
275 - 35 5.687 X 10 2.416 X 1073 3.8-4.6 1.55 0.217
3.5 - 4.5 1.089 X 10"1 5.771 X 10-4 4.6 - 6.6 0.916 0.146
4.5 - 5.5 5.499 X ]0'2 3.464 X 10-4 6.6 -13.0 0.302 0.0605
5.5 - 6.5 2.669 X 1072 1,021 X 1074 || cmemeee | amee- S
TOTAL 2.956 X 10° 1.0159 X 10° || eeem-- 52.541 5.979
* Fuel has been encapsuled for 2 years
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TABLE 4-19. CALCULATED RADIAL RADIATION FIELD AT,TEN METERS
FOR A SNAP-27 FUEL CAPSULE
GAMMA FIELD NEUTRON FIELD

Energy Gamma Gamma Energy Neutron Neutron

Interval Flux Dose Rate Interval Flux Dose Rate

(Mev) {gammas/sec-cm” ) (MREM/HR ) {(Mev) (N/sec-cm™) {MREM/HR)
0 - 0.075 .15 % 10 5.436 X 10-3 0.2 - 0.6 | 3.99 x 107" | 2.82 x 1072
0.075 - 0.125 1.819 X 10° 2.819 X 10-2 0.6 - 1.0 | 6.42 X 107" | 6.23 X 107°
0.125 - 0175 1.224 X 10! 3.243 X 10-3 1.0 - 14 | 5.67x107 |6.70 x 1072
0.175 - 0.50 9.010 X 109 3.381 X 10-4 1.4 - 1.8 | 5.63 X 107 |6.60 x 1072
0.50 - 0.90 1.626 X 100 | 2.603 X 10-2 1.8 - 2.2 | 6.10 x 107" | 7.20 x 1072
0.90 - 1.25 1.361 X 10° 2.613 X 10-3 2.2 - 2.6 | 6.13 X 1072 | 7.25 x 1072
1.25 - 175 3.061 X 107! | 8.050 X 10-4 2.6 - 3.0 | 4.88 X 107" |5.91 x 1072
1.75 - 2.25 2.079 x 107" | 6.715 X 10-4 30-3.4|4.08x107" {518 %1072
2.25 - 2.75 4.970 % 100 1.863 X 10-3 3.4 - 3.8 | 1.89 X 107" | 2.50 x 1072
2.75 - 3.5 4.872 X 107° | 2.070 X 10-4 3.8 - 4.6 | 1.40 X 107" | 1.96 x 1072
3.5 - 4.5 9.372 X 107° | 4.967 X 10-5 4.6 - 6.6 | 8.25 X 1072 | 7.32 x 1072
4.5 - 5.5 5.763 x 107 | 3.000 X 105 6.6 ~13.0 | 2.72 X 1072 | 5.45 x 10-3

5.5 - 6.5 2.322 X 1073 | 1.671 X 105 || cocmeee | e | oo

TOTAL 2.601 X 10° 6.950 X 1072 || ——eeem- .73 x 10° |5 382 x 107

* Fuel has been encapsuled for 2 years



The activation flux point of interest was chosen at 2 cm from a 5 pound
sample of material (a typical weight for a spacecraft instrument). The
material sample was assumed for convenience to be located 100 cm from the
fuel capsule. For any radial distance from the fuel capsule at which the
material sample may be located, the relative contributions of the fuel cap-
sule primary gammas and the neutron induced gammas to the total gamma Flux
(at 2 cm from the material sample) is approximately constant. This result
15 due to the 1/R2 geometrical attenuation of both the primary capsule
generated fields; i.e., the gamma fi1eld, and the neutron field which con-
troils the activation gamma source strength.

The neutron induced actiwiht1on 1n the materials was calculated using
the effective activation cross-sections given in Reference 12. These effec-
tive "cross sections® were measured with the ORNL reactor spectrum. The
reactor spectrum is largely low-energy while the capsule neutron spectrum
1s relatively high-energy with lTittle low-energy neutron contribution. The
higher energy spectrum w11l 1nduce relatively more (n, p) and (n, n', y)
reactions, with concomitant gammas, but will induce relatively fewer (n, v)
reactions. Hence, the effective "cross-sections” for the higher energy
capsule spectrum is conservatively estimated to be of the same order of
magnitude as the effective "cross-sections" for the reactor spectrum.

Using the effective activation cross-sections given 1n Reference 12
and assuming a point source model for the neutron induced gammas, the
neutron induced gamma flux was calculated. Presented in Table 4-20 are
the contributions to the gamma field from the activated materials at 2 cm
from the activated materials and 100 c¢cm from the fuel capsule. It can be
seen from Table 4-20 that for the materials considered here, the neutron
1induced gamma field 1s two to five orders of magnitude smaller than the
primary fuel capsule gamma field (2.8 x 104 gammas/s-cmz). Self attenua-
tion effects, which were not 1ncluded in the calculation, would reduce the
fiux sti111 further. Hence, the effect of neutron induced activation can be
neglected when estimating the SNAP-27 fuel capsule gamma radiation field.
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TABLE 4-20: NEUTRON INDUCED GAMMA FLUX AT 2 CM FROM
A FIVE POUND SAMPLE OF VARIOUS MATERIALS
LOCATED ONE METER RADIALLY FROM SNAP-27
FUEL CAPSULE*

Gamma Flux
MATERIAL (gammas/cmz-sec)

Aluminum : 25.5
Iron (1030 alloy) 30.9
Stainless Steel (316) 80.4
Copper 174

Beryllium 0.2
T1tanium 1.1

* Flux contribution from the fuel capsule at the same flux point

1s 2.8 X 104 gammas/sec-cmz.
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4.5 Summary of Results

In Section 4.2, a good estimate of the neutron and gamma radiation
fields emitted by a SNAP-27 fuel capsule was obtained by utilizing the

information available from recent measurements of plutonium-238 sources.
The neutron field 1s well defined by the direct measurement performed on

a SNAP-27 capsuie reported 1n Reference 7. The recent measurements 1in
Reference 8 of the gamma rays emitted by plutonmium-238 have resolved the
differences found n previous estimates of Pu-238 gamma ray source. Of
specific 1mportance, the measurements reveal that the yield fractions for
the 0.810 and 0.875 Mev gammas are very small and that the 0.760 Mev gamma
yield fraction 1s roughly a factor of 2 Tess than previously reported.

Differences 1n the calculated gamma field exterior to the SNAP-27
fuel capsule w111 arise depending on the model assumed for the source,
the mass attenuation cross sections used for the materials, the buildup
factors used for scattering effects, and the method used
to account for self-absorption of the source. The source model used is
not overly 1mportant as any source model chosen w11l appear as a point
source at a sufficient distance.

In Section 4.3 the radiation fields at one-half, one, three, and ten
meters for a two year old SNAP-27 radioisotope fuel capsule were calculated
ut1l1zing the data presented in Section 4.2. I@ was found that the effect
of air attenuation reduced the gamma dose rate at one-half meter by 1 6%,
at one meter by 3%, at three meters by 8 8%, and at ten meters by 26.6%. The
neutron dose rate was unaffected by air attenuation. In Section 4.4 1t was
found that neutron i1nduced gamma activation in materials (materigls typically
found in scientific instruments) external to the fuel capsule produced a
negligible perturbation of the field surrounding the fuel capsule.
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5.  RADIATION INTERFERENCE EXPERIMENTS

5.1 General

The radiation interference experiments were carried out 1n a large
40" x 40' room with 20' ce1ling and a 20' x 20' by 10' deep well 1n the
center of the room covered with a low mass aluminum floor. The fuel
capsule and the detectors were located near the center of the well to
minimize radiation scattering from the surrounding walls and floor.

A typical experimental set-up used during the majority of the
testing is 11lustrated schematically in Figure 5.1-1. Several photographs
of the set-up are shown in Figures 5.1-2 and 5.1-3 Before each test, the
SNAP-27 fuel capsule was taken out of its storage cask and mounted 1n a
specially designed fuel capsule positioning fixture so 1t could be moved,
by remote means, either up or down or n the horizontal plane. The
radiation detectors were installed on a low mass supporting structure and
the fuel capsule was moved to the desired distance from the detector.
The distance measurements were performed using etther a theodolite or a
tape measure depending on which was more convenient for the particular
set-up. Provisions were made on the detector supporting rack to mount
absorber materials or heat shields between the fuel capsule and detector.
The heat shields were made out of aluminum fo1l and were used to avoid
overheating the detectors when they were operated in close proximity to
the heat source.

The general test procedure for testing the detectors was as follows:

» Set up one detector 1n the test rack.

e Adjust the high voltage and/or amplifier gains to give the

desired output.

Check system gain using one or more calibration sources.

Move the fuel capsule to desired distance from the detector.

Record detector response to the fuel capsule spectrum.

Insert various absorbers between the fuel capsule and the detector,
and record detector response (usually without moving either the
detector or the fuel capsule)
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¢ Change fuel capsule-to-detector distance and record the
detector resnonse.

¢ Change detector orientation with respect to the fuel capsule
(by turning the detector 45° and 90° to the Tuel capsule)
and record detector response.

¢ Check detector calibration to ensure that system has not
drifted during test,

52 Fuel Capsule to Detector Distance
Most of the testing was performed with the fuel capsule positioned

vertically and the detectors 1n the same horizontal piane as the center
of the fuel capsule.

The distance between the fuel capsule and the radiation detectors
was adjusted to sutt the count rate of each particular detector system to
achteve good statistical data 1n reasonable counting times. Then the
data were adjusted to correspond tc a common distance of 36 inches.
Figure 5 2-1 illustrates how the theoretical count rate varies with
distance from the fuel capsule. Experimental data taken during the
program verified that this count rate versus distance relationship was
1n good agreement for each of the detectors used.

5.3 sShields

To measure the effectiveness of various shielding materials, a
set of standard shields was selected and used with each detector.

The standard shields consisted of:

Lead (0.031, 0.062, 0.125, 0.025, 0.5 inch thick or
0.90, 1.81, 3.62, 7.25, 14.5 gms/cw’ respectively)

Aluminum (0.031, 0.062, 0.125, 0.25, 0.5 1nch thick or
0.22, 0.43, 0.86, 1.71, 3.43 gms/cm2 respectively)

Polyethylene (0.25, 0.50, 1.0, 2.5 1nch thick ov
0.675, 1.35, 2.70, 6.75 gms/'cm2 respectively)

Boron Toaded polyethylene (with 5% boron) (1.0 inch thick,
\2.6 gns/ cn’)
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A1l shields were of the same size, 24" x 24", and were positioned
between the fuel capsule and detectors so that the detector was 1n the
center of the shield and 4 to 6 inches behind it. The choice of these
large area shields was made on the basis of the best compromise between
convenience and experimental objectives. In practice for spacecraft
applications onTy small shields just covering the area of the detector
or the fuel capsule would be used. However, manufacturing of such shields
for each detector used in the tests was beyond the scope of this program
and it was chosen to approximate an "infinite" shield using 24" x 24"
absorbers The use of this Tlarge size shield results 1n additional
scattering and dose build-up seen by the detectors. In fact, in some
cases, the count rate at the lower energies (several hundred kev)
actually increased above the no-absorber level when a thin polyethylene
sheet was 1nserted between the fuel capsule and detector. However, there
1s a relation between the measured absorption with the simulated nfinite
shields and absorbers just Targe enough to cover the detector. To measure
this absorption relationship between small and iarge area absorbers, a set
of small absorbers 3" x 3" was constructed and absorption data for several
scinti1lator detectors was measured and compared with absorption data
obtatned with the Targe absorbers. SNAP-27 fuel capsule spectra taken
with 1-1/2 x 1-1/2 Nal scintillator, are 11lustrated in Figure 5.3-1.
Figure 5.3-2 shows spectra taken with small and large absorbers. Also, a
correction curve, shown in Figure 5.3-3, was generated and can be used to
obtain an approximate correction for the data obtained with large
absorbers to what would be seen 1f small area absorbers were used. As
would be expected, the deviation increases with decreasing gamma energy.
However, 1n all cases neglect of this correction factor will resuit in
conservative values of the shielding thickness required to reduce the RTG
radiation to the desired Tevel.

5.4 Radiation Around the RTG

A majority of the data on detector response to the fuel capsule
radiation was taken with the fuel capsule positioned with its long axis
vertically and the radiation detectors positioned 1n the horizontal piane
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cotncident with the center of the fuel capsule In practice, the RTG's
on a spacecraft would be oriented 1n such a way as to minimize the
radiation level at the spacecraft 1nstrument section  However, the fuel
configurations vary considerably among different RTG designs, as does

the ax1al radiation intensity. To make the study as general as possible,
the detectors were positioned broadside to the fuel capsule. This
represents the worst case because self-shielding of a cylindrical-shaped
fuel capsule in the direction of the long axis of the fuel element
considerably reduced radiation levels.

Tests were performed to measure the SNAP-27 fuel capsule spectra as
a function of detector position around the fuel capsule 1n the plane
passing through its longitudinal axis. The test geometry used 15
jllustrated in Figure 5.4-1. Fuel capsule spectra were taken with
1.5 x 15 inch and 0 03 nch thick x 1 25 dia 1nch Nal scintillators.
The resultant spectra in the range of 0-600 kev and 0-3 Mev for various
angles are 1llustrated 1n Figures 5.4-2 and 5.4-3, respectively. As can
be seen from the figures, the spectra remain reasonably constant in the
range O = 0 to 60 degrees but changes markedly in shape and radiation
intens1ty when it approaches 90 degrees. This change, as anticipated, is
especially pronounced at the lower energies (0-1 Mev range) where fuel
self-absorption 1s most significant.

Plots showing the detected number of counts as a function of angle
8 between the detector and longitudinal axis of the fuel capsule, at
constant distances, and for average energies of 90 kev, 200 kev, 400 kev,
1.6 Mev, and 2.55 Mev, are shown in Figures 5.4-4, 5.4-5, 5.4-6, 5.4-7,
and 5.4-8, respectively.

In the range of 8 from 45 to 90 degrees where the most variation
1n gamma flux exists, additional data were taken with a Geiger tube
(EON 7302) by placing 1t on the Tow-mass aluminum flooring first
directly below the fuel capsule and then moving 1t along the floor
a few inches at a time. The data were corrected for the variation 1n
distance for each position and are given 1n Figure 5.4-9.
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5.5  Semiconductor Detectors

Four si1iicon semiconductor detectors were selected for testing
with the fuel capsule radiation. These detectors were as follows:

o KEVEX totally-depleted 1ithium-drift type C80-1/2, 0.5 mm
thick, 0.8 cm2 area, 13 kev FWHM resolution for beta particles.

0 Nuclear Diodes totally depleted surface barrier detector
mounted 1n a dE/dX mount, type MRde-200-100-25, 200 microns
thick, 1 cm2 area, 24 kev FWHM resolution for alpha particles.

o Nuclear Diodes totally-depleted surface barrier detector
mounted 1n a dE/dX mount, type MRde-50-100-40, 0.053 micron
thick, 1 crn2 area, 35 kev FWHM resolution for alpha particles.

Also 1ncluded 1n the tests were two semiconductor detectors that
belonged to NASA/Goddard Space Flight Center and were of the type to
be used tn a Cosmic Ray Detector System in the Pioneer F&G spacecraft.
These detectors were:

o & cm2 area, 3 mm thick totaily depleted Tithium drift detector

(manufactured by KEVEX).

o 0.25 cm2 area, 50 mm thick surface barrier detector

(manufactured by ORTEC).

The detectors were operated with a Tennelec TC-130 preamplifier
and Tennelec TC-200 amplifier. Signal ntegration and differentiation
time constants of 0.8 microseconds were used during all the tests. The
Tennelec TC-200 amplifier output was connected directly to a pulse
height analyzer.

The spectral response of these detectors to the SNAP-27 fual
capsuie 1n umts of counts/sec~cm2-kev are given for the energy
ranges of 0-1 Mev and 0-5 Mev in Figures 5.5-1 and 5.5-2, respectively.
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Data obtained with the 5 cm2 area, 3 mm thick NASA/Goodard detec-
tor are given in Figures 5.5-3 and 5.5-4 for energy ranges 0 to 5 Mev
and 0-10 Mev, respectively.

Spectra showing the effects of several absorber materials are
given in Figure 5.5-5.

Absorption plots obtained with the 2 mm thick detector with lead,
aluminum and nolyethylene absorbers are given in Figure 5.5-6.

Figure 5.5-7 shows the detector response as a function of detector
orientation 1n relation to the fuel capsule.

5.6 (sl Scintillator

Four CsI scintillators were selected for testing with the SNAP-27
fuel capsule. These scintillators were as follows:

o Harshaw detector type 658-X, 1.5" dia x 1.5" thick CsI (Na).
This 1s an 1ntegrally mounted scintillator and photomuitiplier
assembly cesigned for general lab use.

o Harshaw 1 cm thick x 1.5 inch dia.
o Harshaw 2 mm thick x 1.5 1nch dia.
o Harshaw 1 mm thick x 1.5 1nch dia.

The 1T cm, 3mm, and 1 mm thick crystals were mounted in Harshaw
type H mounts with a 0.007" thick aluminum front window and were
operated with RCA 6199 photomultiplier tubes. The scintiliators were
coupled to the multiplier tubes using silicon grease. The tube bases
were of standard Harshaw manufacture which use 470K ohm resistors for
the dynode string with .001 uf capacitors for pulse shaping between
dynodes 9 and 10 and the anode.

The PM tube output was connected to a Harshaw NA1T RC clipped
ampi1fier and the amplifier was connected directly to a pulse height
analyzer. High voltage power for the photomultiplier tubes was
provided by Fluke 408A or Fiuke 412A d.c. power supplies.
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The SNAP-27 fuel capsule spectra obtained with CsI scintillators of
four thicknesses are shown in Figure 5.6-1.

Spectra showing the effect of several absorbers are 11lustrated in
rigure 5.6-2,

The effect of detector orientation in relation to the heat source for
a 3 mm thick detector is given in Figure 5.6-3.

5.7 Plastic Scintillators

Four plastic scintillators, 1.5 inch diameter and 3 cm, 1 cm, 3 mm,
and 1 mm thick, were selected for tests with the SNAP-27 fuel capsule.
The scint11lators were machined from 2"-diameter Pi1lot B {Pilot Chemicals
Division, New England Nuclear Corporation, Watertown, Massachusetts)
scinti1lator stock, polished by hand to have glossy surfaces, and coupled
to RCA 6199 photomultiplier tube using silicon grease. The photomultiplier
tube scint1llator assembly was attached to Harshaw 1-1/2 inch tube bases,
and the entire assembly covered with a thin (~.005") and Tight-tight
stainless steel case. The photomultiplier tube output was connected to a
Harshaw NA-11 amplifier, and the amplifier output was connected to a puise
height analyzer. Power for the photomultiplier tubes was provided by
Fluke Model 408A d.c. power supply.

The plastic scintillator spectral response to the SNAP-27 fuel
capsule radiatton is shown in Figures 5.7-1 and 5.7-2 for two energy
ranges

Since it was difficult to obtain energy calibration for the thin
scintillators (1 and 3 mm thick) due to their very poor energy resolution,
the energy calibration was performed using 0060 and Cs137 sources on the
3 mm thick detector only. Tests on other size detectors to obtain
Figures 5.7-1 and 5.7-2 were performed using the same photomultipirer
tube, amplifiers, and other electronics, being careful not to disturb the
photomultiplier tube orientation when scintillators were changed.
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At the end of the test, which took Tess than one hour to complete, the
system gain was checked by mounting the 3 cm thick scintillator and
repeating the calibration with Co60 and 65137 sources. The gain was

found to be the same as at the beginning of the test within less than

2 percent. Absorption data, effects of detector orientation with respect
to the heat source, and count rate as a function of distance from the

fuel capsule measurements were obtained at a later time. The energy
calibration for these tests was obtained by comparing the data to spectra
of Figures 5.7-1 and 5.7-2. Absorption spectra taken with several
absorbers are shown in Figure 5.7-3. Absorption plots for lead, aluminum,
and polyethylene absorbers for several energy ranges are given in

Figure 5.7-4. MNo significant change 1n the detected spectra as a function

of detector orientation in relation to the heat source was observed.

5.8 Nal Scintillators

Two NaI scintillator detectors were used to perform measurements
with the fuel capsule. The detectors were Harshaw Model 6S8-X, 1.5 x
1.5 inch NaI (T1) and Harshaw Model 5830 K/Q, 1-1/4" diameter x 0.030"
thick NaI (T1). Both detectors were standard Taboratory type detectors
and were operated with the same equipment as Csl and plastic scintillators
described in Section 5.6.

The purpose of using Nal scintillators to measure the SNAP-27 heat
source radiation was not because these detectors are frequently used in
spacecraft instrumentation. In fact, Nal crystals are quite fragile
and, therefore, are difficult to use outside the laboratory environment.
However, they provide the best energy resolution that is available with
scintillation detectors. Also, radiation detection efficiencies of Nal
detectors are well documented so it becomes relatively easy to convert
from the radiation response obtained with a Nal crystal to the actual
radiation spectra and flux emitted by the SNAP-27 fuel capsule. Spectral
response to the SNAP-27 heat source radiation obtained with two detectors;
1.5 x 1.5 and a .030 inch thick x 1.25" dia crystals are given 1n
Figures 5.8-1 through 5.8-3 1n several energy ranges.
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The spectra of the SNAP-27 fuel capsule obtained with the 1-1/2 x
1-1/2" Nal scintillator using various absorbers are given in Figure 5.3-1.
The same data taken with the 0.03" thick Nal scintillator are given in
Figure 5.8-4.

5.9 Cherenkov Detectors

Four different thickness Cherenkov radiation detectors were
selected for tests with the SNAP-27 fuel capsule. They were 3 cm,
1 cmy, 3mmand 1T mm thick and all were 1-1/2 inch diameter. The
crystals were machined out of Lucite, polished by hand to have glossy
surfaces and coupled to RCA 6199 photomultiplier tube using silicon
grease, Since no provisions existed to calibrate the individual tube
gains, all tests with the Cherenkov detector were performed using the
same photomultiplier tube and electronics. 1In the beginning of the
test the tube gain was measured using a Pilot B scintillator and
6060 source, then the Pilot B plastic scintillator removed, and
Cherenkov detectors were coupled to the PM tube one at a time, and
measurements of the fuel capsule radiation were made. At the end of the
test, which took less than one hour to perform, the tube gain was
checked using the same Pilot B scintillator and C060 source and was
found to be the same within Tess than 2 percent. The results are shown
m Figure 5.9-T. Since no provisions existed to obtain an absolute
energy calibration of the Cherenkov detectors, the data are presented

60

relative to Cherenkov vradiation produced by Co™ radiation.

5.10  Phototubes

Gamma radiation interacts directly with the cathode and dynodes
of phototubes and thus contributes unwanted noise counts. To evaluate
this effect, two phototubes (RCA 6199 and RCA 4440) without scintillation
crystals were exposed to the radiation source.

The phototube signal was shaped by.a Hamner NA-11 amplifier and
passed to a multichannel pulse height analyzer. For calibration, a
10 mm CsI (Na) crystal was attached to each tube and 0057 and 81207

spectra were taken. Then the crystal was removed and the spectral

5-4]
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response of the bare phototube was measured. To provide a basis for

comparison with CsI (Na) and other scintillators, the results are
presented in terms of energy equivalent for CsI (Na).

Figures 5.10-71 and 5.10-2 show the spectral response of the
RCA 6199 and RCA 4440 phototubes at 1 foot from the SNAP-27 fuel
capsule.

5.11 Geiger Tube Experiments

Radiation response measurements were performed using the EON 7302
and EON 6213 Geiger-Mueller tubes. The purpose of the measurements was
to produce plots of the Geiger-Muelier tube responses as a function of
distance and as a function of attenuation through Tead, aluminum, and
polyethylene.

The Geiger-Mueller tubes were powered by a Fluke Model 412A high
voltage power supply. The signals were passed through a decoupling
capacitor to a laboratory counter. The long axis of the detector was
oriented at right angles to the fuel capsule axis. Count rates were
taken at various distances between the fuel capsule and the Geiger
tubes from 1 to 8 feet. Count rates never exceeded 400 cps and,
therefore, dead time effects were negligible. Total counts were maintained
above 2200 counts to achieve standard deviations of + 2% or better.

The source-to-detector distance, R, was adjusted to 2 feet and
absorbers of aluminum, lead, polyethylene, and boron-loaded polyethytene
were positioned between source and detector. Thickness ranges of 0 to 2
inches for lead, 0 to 1-1/2 inches for aluminum, and 0 to 3 inches for
polyethylene were used. Count rates did not exceed 120 cps and total
counts exceeded 2200 counts as described in the last paragraph.

Figures 5.11-1 and 5.11-2 are plots of the response of the EON
7302 and EON 6213, respectively, to the SNAP-27 fuel capsule as a function
of 1/R2 where R is distance in feet from the capsule to the Geiger-Mueller
tube.

Figure 5.11-3 gives the effects of absorbers in reducing the count
rate for both tubes tested.
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I/RZ (R IN FT)

EON 7302 TUBE COUNT RATE AS A FUNCTION OF

DISTANCE FROM THE SNAP-27 HEAT SOURCE

FIGURE 5.11-1
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If the RTG were a point source, the response would follow the
straight Tine indicated on the plot. Since the RTG is more Tike a
Tine source, 1t follows the function:

2C0

C, = ———
h
RR=+3)

R

Where CR is the count rate at the distance R, C0 1S an equivalent zero
distance count rate, and h is the source Tength. For purposes of curve
fitting, C0 may be calculated by substitution of expertmental values of
R and CR‘

The shape of the curve relating distance to count rate for the
EON 6213, shown in Figure 5.11-2, is very similar to the curve obtained
with EON 7302 except for the magnitude of the count rates.

5.12 Proportional Tube

The purpose of this experiment was to measure the response of a
representative proportional tube to the SNAP-27 fuel capsule radiation.
A Harshaw G-15 proportional tube was operated at 2500 volts with a
Tennelec TC-130 preamplifier and Tennelec TC-200 amplifier system which
was coupled to a multichannel pulse height analyzer. A special adapter
with a decoupling capacitor and load resistor was made to adapt the
proportional counter to the TC-130 amplifier.

The detector was placed 4 feet from the SNAP-27 fuel capsule
with 1ts cylindrical axis parallel to the capsule axis. Spectra from
the SNAP-27 fuel capsule were taken at 0-16, 0-100, and 0-300 kev
full scale. These data are given in Figures 5.12-1, 5.12-2 and 5.12-3.

Figure 5.12-4 shows the effect of Pb, Al, and polyethylene
absorbers on count rates 1n the energy range 0 to 100 kev.
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5.13 Channeltrons

A Bendix CEM 4028 channe1tr0n* was used to measure its response to
the SNAP-27 fuel capsule radiation. The purpose of the measurements was
to determine the response as a function of distance and absorber thickness.
In order to provide a vacuum operating environment, the channeltron was
sealed 1nside a glass cylinder and pumped down by a diffusion pump to
5x 10"5 torr. The channeltron was operated in the saturated mode. The

electrical set up used for the tests is shown 1n Figure 5.713-1.

In order to determine the proper operating voltage, differential
pulse height spectra were taken with a 0060 source at various high
voltages. Spectra obtained with a 3700 volt bias as illustrated 1in
Figure 5.13-2. The saturation peak of Figure 5.13-2 1s not as well
defined for the 6060 source as 1t would be for a charged particle
incident on the funnel. The charged particles produce photo-electrons
from the funnel only, whereas the 6060 garmas produce photo-electrons from
along the entire length of the channeltron.

The channeltron funnel was oriented to point parallel to the fuel
capsule cylindrical axis and count rates were recorded as a function of
distance and absorber thickness.

Figure 5.13-3 is a plot of the channeltron response to the fuel
capsule radiation attenuated by Pb, Al, and polyethylene. Measurements
with boron-loaded polyethylene showed no significant change from data
obtained with polyethylene.

Figure 5.13-4 gives the channeltron count rate as a function of
distance R from the fuel capsule.

* A channeltron of the type being used for the Pioneer F/G U.V.
experiment was provided by Dr. D. L. Judge of the University
of Southern California.
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5.14 Semiconductor Telescope

To provide a measure of the interference of the fuel capsule
radiation with detectors operated 1n a coincidence telescope configura-
tion, a test unit was built consisting of two semiconductor detectors
as illustrated in Figure 5.14-1. A 200 u x 1.0 cm2 surface barrier
semiconductor detector in a transmission mount was placed adjacent to
a 2000 p x 0.8 cm2
0.47 cm apart and were operated 1in coincidence to detect charged
particles sufficiently energetic to penetrate the thin detector and also
Teave charge 1n the thick detector. The entire detector assembly was

Tithium drifted detector. The two detectors were

mounted 1n a vacuum chamber to reduce air scattering of Compton electrons.

Figure 5.14-2 15 a block diaaram of the electronics used for the
coincidence measurements. The transmission mounted detector signals
were amplified by a Tow-noi1se charge-sensitive preamplifier and amplifier
system and passed through a single channel analyzer to provide a
gating pulse to a Hamner NA-11 gate. The 2000 micron detector signals
were amplified and routed to the input of the gate. The resolving time
was set at one microsecond. The gated output was analyzed by a multi-
channel analyzer.

A bismuth-207 conversion electron calibration source was used with
the transmission-mounted detector to obtain an energy calibration for
setting the single channel analyzer threshold level to 96 kev. The
SNAP-27 fuel capsule was located at a distance of 1 foot and spectra were
taken in the no-coincidence, anticoincidence and coincidence modes in the
energy range of 0 to 2.8 kev. The accidental coincidence rate was
measured to be 0.5 counts per second over this energy range by placing
a 3.2 mm Al plate between the two detectors to prevent the Compton
electrons of energy less than 2 Mev from passing through both detectors
simultaneously. The measured accidental coincidence rate was in good
agreement with the calculated value of 0.8 counts per second
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The results of the measurements with the SNAP-27 fuel capsule are
presented in Figure 5.74-3. The no-coincidence count rate over the range
from 0 to 2.8 kev was 776 cps, the anticoincidence rate was 736 cps, the
coincidence rate was 43 cps, and the accidental coincidence rate was 0.5
cps. The coincidence spectrum represents the SNAP-27 fuel capsule
radiation interference that would be superimposed on the spectrum of
coincidence charged particles detected by the semiconductor telescope
operated with the described parameters of geometry, resolving time, and
gating threshold energy.

5.15 Phoswich

A plastic scintillator (Pilot B) and a CsI crystal sandwich was
obtained for testing with the SNAP-27 fuel capsule. However, no data
were taken with this detector. Attempts to instrument the phoswich
resulted 1n excessive attenuation of the Tast component of the signal
(from the plastic scintillator) due to capacitance 1in the tube base and
transmission lines to the electronics. As a result, the separation
between the fast and sTow rise time pulses was quite poor (approximately
20 db} giving poor resolution and excessive coincidence counts. It
became obvious that the effort required to obtain a satisfactory phoswich
would require improving the fregquency response characteristics of the
electronics which was not feasible to perform within the scope of the
current program.
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6.  CONCLUSIONS AND RECOMMENDATIONS

The data presented in this report provide a starting point for
assessing RTG heat source/science instrument interactions. The RTG
background radiation flux and spectra that are superimposed on each
radiation-sensitive detector have been presented along with the
effectiveness of various absorber materials in reducing these radiation
levels and modifying the spectra. The extent of the RTG radiation
nterference will, of course, depend on the function and objectives of
each detector. The data can also be used to scale to other RTG power
levels and/or separation distances and the information presented in
Section 4 can be used to determine the effects of plutonium fuel form
age on the resultant RTG radiation spectrum. As was mentioned earlier,
the radiation-sensitive elements included in this program were only the
detector elements that, on a theoretical basis., were assessed to be most
sensitive to the RTG radiation and also were fregquently used 1n space-
craft 1nstrumentation. There were many other sensors in spacecraft that
may also be significantiy affected by the RTG heat source, and some of
these are scheduled for detailed experimental study 1n Phase II of this
program. However, from the results of this Phase I effort, several
important conclusions and recommendations for further testing may be
drawn.

[ The preliminary anaiysis performed during Phase I revealed
that for RTG-to-instrument distances on the order of 8 feet
(roughly the configuration presently planned for Pioneer F/G)
in general the scientific objectives w11l not be significantly
impaired. However, some shielding (on the order of 1-5 pounds)
will be required for the more sensitive radiation detection
instruments to reduce the RTG radiation to an acceptable level.

] Most of the radiation measurements carried out during Phase I
were conducted with the detector facing the capsule broadside,
1.e., perpendicular to the Tongitudinal axis of the capsule
However, as illustrated in Figure 5.4-1 both the gamma ray
flux and its spectral distribution are very significantly
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affected by the heat source orientation relative to the
detectors. Methods for applying these data for different
RTG orientation angles should be developed.

The radiation levels with the capsule facing the detector
end-on were as much as a factor of ten lower than with the
broadside orientation. The predicted differences were on
the order of a factor of two. These results suggest that
the heat source orientation relative to the detectors
could be an important consideration in determining the
spacecraft design and 1n locating the most sensitive
detectors.

The absorption tests made with polyethylene and boron-loaded
polyethylene demonstrated that thermalization and absorption
of neutrons from the RTG heat source appeared to have very
11ttle effect on reducing the detected radiation. However,
measurements performed with a neutron probe showed that a
significant reduction 1n neutron flux actually did occur when
the polyethylene shields were placed in front of the fuel
capsule. This indicates that the neutrons emitted from the
Pu238 fuel do not add significantly to the RTG radiation
background for the detectors tested in this program.

The Timited work performed with the sem1conductor detector
telescope indicates that there are a significant number of
coincidence counts generated by the RTG radiation. Therefore,
an anticoincidence shield could probably be employed to reduce
the RTG background. Of course, the efficiency of such a

system 1s sensitive to the type and physical configuration

of the detectors used and also electronic parameters such as
coinctdence gating speeds and Tocations of level descriminators.
Clearly, additional work is required in this area to adequately
determine the potential of this method 1n reducing the detected
RTG background.



The utility and applicability of the program is increased
by close coordination with spacecraft science experimenters,
particularly those 1nvolved in Pioneer F/G. This was not
completely implemented during Phase I of the program because
the detectors were selected and testing had commenced before
the selection of Pioneer F/G flight instruments. Toward the
end of the program, however, contacts were made with several
of the experimenters on the Pioneer F/G Program and three
experimenters provided their detectors for testing with the
RTG heat source. Valuable information was obtained from
discussions with the experimenters on the details of their
instrument design, method of operation, and scientific
objectives. During Phase II of the program, close Tiaison
should be maintained with the Pjoneer F/G experimenters and

they should be Tnvited to participate 1n the test program at
TRW.



APPENDTIX

SNAP-27 Heat Source Assembly No. 4

Fuel Characteristics and Processing

Report
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TABLE 1

FOURTH CAPSULE FUEL DATA
(First Linerx)

-y

Impurities Size ﬁangc Thermal
Actinides Catlon Output
t 3} + 2 o el
° I I : * g 2| 5 %o
d o4 OO0l ™ H — 3] o N TR = I = S ®
W e BT g O N ) | ot o o ' g 0 w o P O
fu oO¢ o i ! Is) r—t 8] T - B e P oHF o
&3 0D og © o =} ) o] ot H ~ W0 T oD gu i
o th O Hpg Ry O B 9] 1 N RTI= TE & I 2 B3 fx: Date
No. Lot Batch w/o |ppm_ w/o | w/o w/o w/o Part. % {GMS/CC GMS °C w/ox10"*|Watts_ Meas'd.
] J‘/ -~
4 341 2,00 80.03{0.94 <0.17i<0.97 0.14 0.57 |0 0 0 9.61 235 2310
A <0.8 80.431 3-5-
B <0.32 74.690 3-5
C £0.5 80.341 3~5-~
D -0.058 [72.591 3-5~
E <0.3 81.043 3-5-
360 2.00 80.2310.89 <0.141<0.72 0.29 0.2310 0 0 9.82 270 2290
A 0.61 70.945 2-22-68
B 4.1 76.984 2-22-68
C 0.43 73.128 2-22-68
D 7.6 82.841 2-22-68
E 1.9 78.067 2-22-68
F 1.6 76.786 2~22-6




TABLE 2

FOURTH CAPSULL FUEL DATA

{Second Linex)

£-Y

Impurities Size Range Thermal
Actainides Cation Output
jo po]
! &) o o
o Se o | o 8 8 8] fr WP
) Ud OO0 o) L v U o o Hel ool o o
o o] 1 ) e o~ Q at i o Hp) ] ! © w w o Moo @
& S 83 |p 5| 5 ¢ H|L 3 8| 8% EheE &
© 00 ¥ O = t e S ol TS0 Lw SR = Date
No. Lot Batch w/o ippm w/ol w/o w/o w/ol Part. % [GMS/CC GMS °C w/ox10"%|Watts Meas'd
4L 106 §2.00 79.6631.6 0.07]| 0.20 0.04 0.08{ 0- O 0 [10.33 294 2300 0.018 76.5b9 6-15-67
133 12,00 80.7211.3 0.10} 0.88 0.04 0.17 0 0 0 110.29 429 2165 0.89 89.159 10-27-6;
144 12.00 80.2210.9 0.13] 1.23 0.05 0.371 0 0 0 {10.45 273 2185 1.2 89.203 11-7-67
146 ]2.00 80.27|0.8 <0.11} 1.14 0.03 0.52] 0 0 0 {10.25 313 2115 3.3 - 80.919 11-1-67
156 §2.00 8Q0.66(0.79 §0.20 <0.92 0.07 0,494 0 0 0 [10.24 239 2355 0.94 |76.584 5-1-68
307 2.00 79.1140.82 <0.30{<1.29 0.30 0.36| O 0 0 9.92 201 2190
A - 3.0 83.434 4-25-68
B 0.087 92.807 4-25~68
c 3.4 92.192 4-26-68
D 0.087 94.036 4-26-68
E 0.34 92.423 4-29-68
346 ¢ |2.00 80.20}1.13 <0.17|<0.53 0.29 0.15| 0 0 0 ]10.06 251 2315 0.82 77.539 5-1-68
360 2.00 80.2310.89 <0.14(<0.72 0.29 0.23] 0 0 0 { 9.82 270 2290
A 0.61 70.945 2-22-68
B 4.1 76.984 2-22-68
H 0.43 73.128 2-22-68
D 7.6 82.841 2-22~068
B 1.9 76.007 2-22-68
F 1.6 76 756 2-22-68




TABLE 3

MICROSPHERE FABRICATION DATES
(SNAP-27 Fuel Capsule #4)

Lot #341 - Batches A thru E consist of a mixture of the following
eight batches:
SP-2 - 11/12/66 to 11/17/66 77 = 2/14/67 to 2/13/67
57 - 11/19/66 to 11/29/66 79 =~ 2/17/67 to 2/17/67
58R3 - 10/30/66 to 12/2/66 81IR - 2/21/67 to 2/23/67
76R - 2/8/67 to 2/14/67 82R - 2/22/67 to 2/23/67
Lot #360 - Batches A thru F consigt of'a mixture of the followirg
eight batches:
40 - 10/22/66 to 10/24/66 = S5IR - 11/10/66 to 11/11/66
43 - 10/26/66 to 10/27/66 53R - 11/14/66 to 11/17/66
L4 - 10/27/66 68 =~ 1/6/67 to 1/11/67
46 - 10/28/66 to 11/1/66 72 - 1/31/67 to 2/1/67
Lot #307 - Batches A thru'E consist of a mixture of the following
ten batches:
60-1 ~ 4/66 60-13 -~ 7/66
3 - 4/66 17 - 7/66
6 - 4/66 18 - 7/66
8 - 4/66 19 - 7/66
11 -~ 4/66 21 - 8/66
Lot #346 - Batch C consists of a mixture of the following

nine batches:

-

378 ~ 10/16/66 to 10/24/66 49R
39SR - 10/22/66 to 10/26/66 50R2
45R - 10/28/66 to 10/31/66 56

11/5/66 to 11/3/66
11/8/66 to 11/10/656
"11/23/66 to 11/29/66

47 - 10/27/66 to 11/3/66 67 - 1/11/67
488 -~ 11/4/66 to 11/11/66

Batches 106 - 5/11/67 146 - 10/26/67
133 - 10/67 156 - 3/18/68
144 - 10/26/67
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Linerx

Fixrst

Second

CONTRIBUTION OF TUEL BATCHES AND LOTS TO CAPSULE WATTAGE AND WETGHT

Lot or Batch

Lot 341
Lot 360

Lot 307

Lot 360

Lot 346
Batch 106
Batch 133
Batch 144
Batch 146
Batch 156

TABLE 4

(SNAP-27 Yuel Capsule f4)

% of Total Thermal Output

Fuel Contribution

59.68
13.86
10.43

1.21

100.0

Watts Grams
387.10 988.47
353.05 896,33
740.15 1884.80
e
443 .87 1154.05,
103.10 261.68
77.49 196.77‘
2.90 7.3 .
4.47 ll.lq
9.00 22.83
63.39 160,50
39.50 99,09
743.72 1913.41



