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JPL TECHNICAL REPORT NO. 32-853 

PREFACE 

This document presents the technical status of JPL’s spacecraft 
sterilization program, including hardware development, physical plant 
design and development, and sterilization technology research and 
development. Status reports of current tasks have been prepared by 
the cognizant engineers and scientists, and relevant material previously 
published by the Jet Propulsion Laboratory has been abstracted. 

The document was compiled by D. Drummond and V: Magistrale, 
both from JPL’s Environmental Requirements Section, Project Engi- 
neering Division. The compilers wish to thank the authors of the various 
papers appearing herein for their cooperation in providing the latest 
state-of-the-art information, the division representatives of the JPL 
Sterilization Committee for their valuable assistance in procuring the 
reports from their respective divisions, and the JPL Office of Research 
and Advanced Development for assistance in establishing complete 
coverage of the program. 
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ABSTRACT 

This document presents the technical status of JPL’s spacecraft 
sterilization program, including hardware development, physical plant 
design and development, and sterilization technology research and 
development. 

1. INTRODUCTION 

V. Magistrale 

A previously published document (Ref. 1) presents 
NASA policy on spacecraft sterilization for planetary 
missions as follows: “NASA acknowledges the body of 
data and theory underlying the possibility of life and life- 
related molecules on the planets and the importance of 
scientific investigations of extraterrestrial life forms. I t  
recognizes that the contamination of the planets with 
terrestrial microorganisms would pose a potential hazard 
to these scientific investigations, and it is also realized 
that more must be known coriceriiing life forms of thc 
planets before the potential effects of returning extrater- 
restrial matter to Earth can be evaluated. It is the policy 
of NASA to prevent the biological contamination of the 
planets until sufficient information concerning them has 
been obtained to ensure that bioiogicai studies will not 
be jeopardized and that no hazard to Earth exists.” 

Additionally, in the scientific community there is gen- 
eral agreement (Refs. 2-7) that the ecologies of the var- 
ious planets should be preserved in order to- permit 
biological observations of samples uncontaminated by 
organisms introduced from Earth. 

According to a NASA requirement, the probability of 
landing a viable organism on Mars must be less than 1 
in 10,000 (Ref. 7). The reasoning which led to this proba- 
bility figure is reviewed in a JPL report by L. D. Jaffee 

(Ref. 5). An earlier, similar analysis was reported by 
R. W. Davies and M. G. Comuntzis (Ref. 2). The present 
interpretation of this requirement is that each landing 
spacecraft must be subjected to a sterilization treatment 
so that the probability of survival of any organism is 
less than 1 in 10,OOO. Mars flyby or orbiting spacecraft 
are also subject to sterilization unless their trajectories 
are so biased that the probability is less than 1 in 10,000 
that either the spacecraft or its emissions (attitude con- 
trol gas, waste propellant, etc.) could reach Mars. 

The sterilization requirements apply to the total mis- 
sion, including spacecraft, booster, and their emissions. 

A. History of the Sterilization Program at JPL 
The JPL sterilization program has been in existence 

for approximately 3% years. The first spacecraft to be 
subjected to a sterilization requirement were those of the 
Ranger series. The Ranger sterilization experience pro- 
vided the basis for current concepts of spacecraft steri- 
lization technology. 

Concurrent with the Ranger Project, and during the 
early phases of the Surveyor Project, the Hughes Aircraft 
Company carried out much spacecraft sterilization re- 
search and development. 

1 
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As the Ranger project progressed, many waivers were 
granted for parts that could not withstand the steriliza- 
tion environment; sterilization had not been a design 
requirement. Stringent Ranger and Surceyor sterilization 
requirements were voided in the last quarter of 1962. 

Present NASA policy (Ref. 1) states that future un- 
manned lunar spacecraft will be decontaminated to “pro- 
tect the moon from widespread or excessive contamination 
until sufficicmt information has been obtained concerning 
the moon to ensure that scientific studies will not be 
jeopardized.” 

The current effort to provide sterilizable hardware for 
a Mars lander spacecraft was initiated in FY 19fB with 
twelve tasks supported by the NASA Office of Lunar and 
Planetary Exploration and three tasks supported by the 
NASA Office of Bioscience. As stated by JPL to the 
Biosciences Subcommittee of the OSS-Space Sciences 
Steering Committee on September 12, 1963, the major 
objectives of the program were: 

1. To begin the exploratory development of spacecraft 
components that will satisfy the sterilization and 
reliability demands of a planetary landing vehicle. 

2. To begin exploratory research in the development 
of biological procedures and techniques that will 
determine the actual sterilization requirements 
which the hardware must fulfill. 

Since its inception, the sterilization program has 
steadily expanded and now includes research and devel- 
opment efforts concerned with sterilizable component 
parts and spacecraft hardware, facilities for the handling 
of sterilizable spacecraft, and microbiological techniques 
necessary to monitor and certify sterility of the spacecraft 
before launch. The present status of these efforts is pre- 
sented herein. 

0. Engineering Sferilizafion Requirement 

For a Alars mission requiring sterilization, the follow- 
ing general requirements have been specified by NASA 
(Ref. 1, p. 4):  

1. The lander will be assembled in “clean rooms” at 
specified levels of assembly. 

3. The landing assembly will be enclosed in a bac- 
teriological barrier to maintain cleanliness and 
sterility. After decontamination, the enclosure will 
not be opened within any portion of the Earth‘s 
atmosphere which might recontaminate the land- 
ing assembly. 

Neither the exact nature of the assembly clean room 
nor the level of assembly at which clean room operations 
are to start has yet been decided. The intent of clean 
assembly of a spacecraft is to lower the biological con- 
tamination load to such a level that terminal sterilization 
can be carried out with a high degree of sterilization 
reliability but without compromising the operational re- 
liability of the spacecraft. 

Implementation of the requirement is subject to in- 
formation derived from JPL Project EASL (Experimental 
Assembly and Sterilization Laboratory), present research 
by JPL and NASA, and an analysis of the particular 
Martian mission to be performed. 

In the development of sterilizable hardware, the JPL 
Research and Advanced Development Sterilization Pro- 
gram has used as guidelines the aforementioned general 
requirements and the following specifications: 

All hardware (including experiments) included in a 
planetary lander must be capable of withstanding 
both heat sterilization and ethylene oxide (ETO) ex- 
posure. These environments are defined in “Compati- 
bility Test for Planetary Dry Heat Sterilization,” JPL 
Environmental Test Specification XSO-30275-TST-A, 
April 196S, and “Ethylene Oxide Decontamination 
Requirements,” JPL Environmental Test GMO- 
50198-ETS-A, December 1963. (See footnote 1, Sec- 
tion 11.) 

A recapitulation of these specifications is as follows: 

1. Heat Sterilization: 
Type approval (TA) test (nonflight hardware): 
145°C for 36 hr, 3 cycles. 
Flight acceptance (FA) test (to provide sterile equip- 
ment): 135°C for 24 hr, 1 cycle. 

Type approval (TA) test: 14% ethylene oxide and 
88% Freon 12 (ETO-F12) environment for 24 hr at 
24°C and 24 hr at 40°C for 2 cycles. 

2. Ethylene Oxidc (ETO) Decontamination’: 

2. The landing assembly will be subjected to an ap- 
proved sterilization procedure. 

In keeping with this rcqiiirc.nicnt, ethylcnc, oyide is considered a 
decontaminant and not a sterilant. The function of ET0  is to re- 
duce the microbial load. 

2 
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2.  Prior to flight to provide for a completely assembled 
lander system terminal heat sterilization of 135°C 
for 24 hr. 

These specifications were used for all of the procedure 
and component development described in this report. 

To guarantee both mission success and certification of 
capsule sterility, the most probable sequence of steriliza- 
tion will be: 

1. TO subject all subsystems to FA testing at 135°C 

This sequence requires that all flight equipment be as- 
sembled, tested, and transported under environmental 
conditions that keep the microbial loads to a minimum. 
Ethylene oxide decontamination may be used to reduce 
the load from surfaces. for 24 hr as a first test in the FA sequence. 
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II .  ELECTRONIC PARTS ENGINEERING AND RELIABILITY 

W. H. Lockyear 

The NASA sterilization policy requires that all Mar- 
tian spacecraft activity be conducted in such a manner 
as to reduce the probability of contaminating Mars with 
viable Earth organisms to less than 1 in 10,000. Both the 
mission trajectory (that is, the possibility of impact) and 
the degree of spacecraft sterility must be considered. 
However, only the hardware element, particularly the 
relationship of the sterilization policy to electronic parts, 
is discussed here. 

Although the necessary degree of spacecraft sterility 
can be achieved through thermal, chemical, or radiation 
techniques, the thermal method appears to be the most 
attractive possibility for sterilization of electronic parts. 
This is not to imply that radiation and chemical methods, 
particularly ethylene tetraoxide (ETO) gas, are not of 
interest. Indeed ETO/electronic-parts studies of signifi- 
cant proportions will soon be initiated by JPL. However, 
the major effort in the current electronic parts steriliza- 
tion program at JPL has been concerned with heat 
sterilization. 

A. Primary Objecfive 
The primary objective of the electronic-parts steriliza- 

tion program is to establish an approved list of heat- 
sterilizable electronic parts. It is the intent of this program 
to consider and study the effects of the thermal steriliza- 
tion environment on electronic parts, specifically in rela- 
tionship to the reliability of the devices. The sterilization 
environment has been accepted as a biologically estab- 
lished constraint. That is, a given temperature for a 
certain time duration is required to produce the required 
sterile conditions. Current requirements detail 135” C for 
24 hr as a satisfactory sterilization environment for flight 
equipment. It should be understood that the equipment 
is in non-operational storage condition during this steri- 
lization cycle. Application of the sterilization requirement 
to electronic parts during type approval testing results 
in the following increase in the demands: The parts shall 
be capable of meeting the operational reliability require- 
ments after being subjected to three 36-hr periods of 
non-operational storage at 145°C. The necessity for proof 
and assurance that the electronic parts of interest will 
indeed meet type approval demands resulted in the 
Sterilization Parts Program, which has been designed to 
meet and fulfill a Laboratory need. It should be obvious, 

however, that the results of the effort will be applicable 
to all spacecraft operating within the given engineering 
constraints’. 

The sterilization program will produce a variety of 
documents describing techniques, processes, procedures, 
and test results. The primary objective will be contained 
in a summary document outlining electronic-parts ster- 
ilization candidates for spacecraft applications. This doc- 
ument will present, in tabular form, the part candidates, 
a brief description of each part, a listing of the specific 
part’s supporting procurement document, and the status 
of the test program applicable to the part in question. 

The entries in the sterilization parts document have a 
close direct relationship with the tabulation of parts in 
the JPL Preferred Parts List (PPL) in that candidates for 
the sterilization program must have a preferred rating. 
Therefore, a discussion of the major policies and phi- 
losophy supporting the PPL will clarify the intent of the 
sterilization parts list. 

The PPL is a compilation of high-reliability electronic 
parts applicable to all JPL electronic spacecraft equip- 
ment. Listing of the items indicates that they are of 
interest to Laboratory design engineers. Rigid controls 
govern the addition and deletion of entries from the 
PPL. Parts are only removed when (1) actual test data 
indicates the failure of source process controls, (2) a 
qualified replacement part is available, (3) the detailed 
part specification is cancelled, or (4) the part design 
standard drawing is cancelled. 

Parts are added to the PPL only after (1) a JPL need 
has been verified, ( 2 )  the part has been qualified to the 

For more than four years the laboratory has been studying ster- 
ilization effects resulting froin 135°C heat applied for 24 hr. This 
procedure is in accorchce  with the acceptance, in 1963, of this 
temperatrire/time rchtionship a s  adeqrlntr for  sterility of flight 
equipment by NASA, In July of  1965, KASA expanded the acccpt- 
able temperatrlre/tirnc rcl;~tionship into a range beginning at 
105°C for 336 lir, including 135°C for 24 hr  (actually 22 h r )  
and extending to 160°C for 3 hr. AS of this date, no official 
action has occurred to change the “sterilization requirement” from 
135°C for 24 hr for flight gear. However, the Laboratory has 
given careful consideration to the results of a change to a tem- 
perature/time other than 135”C/24 hr. 

4 
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Laboratory’s rigorous qualification requirements, (3) ap- 
propriate support specifications have been prepared, and 
(4) the support documents have been cleared (accepted) 
by the manufacturer of the part. 

It is the intent of the PPL to provide a list of appro- 
priately qualified “high use” standardized items. It is not 
the purpose of the PPL to list all electronic parts em- 
ployed on any given spacecraft. The number of part 
types listed in the preferred list are maintained at a 
minimum consistent with the nominal spacecraft demon- 
strated requirements and appropriate qualification in- 
format ion. 

The PPL also includes parts reliability levels (i.e., 
Hi-Rel, Preferred, and OSE), definitions of reliability 
levels and their basic qualification and acceptance test 
requirements, and general de-rating consideration state- 
ments. 

For several years JPL has stressed the importance of 
the PPL and has spent much time and effort in compiling 
it. Therefore, the sterilization parts list and the PPL are 
interrelated to the maximum degree possible to capi- 
talize on previously gained experience. Indeed, a part is 
not generally considered a candidate for sterilization test 
studies unless it is listed in the PPL. Of course, the de- 
velopment of special “low usage” parts or new-state-of- 
the-art parts will necessarily modify this policy, but 
qualification will remain a major requirement in the 
parts sterilization effort. 

The discussion of the sterilization parts list has related 
mainly to the thermal-sterilization environment. How- 
ever, considerable attention is also being given to E T 0  
thermal compatibility. The ET0 studies, utilizing the 
available literature information on parts and materials 
as well as test effort as required, will seek to answer the 
basic question: Is ETO, when employed as a gaseous 
sterilant, less than fiilly compatible with all categories 
of electronic parts? Information produced by the E T 0  
studies will be included in the sterilization parts list. 

B. Secondary Objectives 

The secondary objective of the parts sterilization pro- 
gram is to establish maximum information in the new 
era of higher operating temperatures and longevity of 
electronic parts. This includes the study of part wear-out 
phenomena, the study of de-rating in the matrix type 
tests, the study of the relationship of piece-part para- 
metric ratings to the true capacity of the part, and the 

study of the overall reliability of parts over long periods 
of time. Special consideration is being given to the pro- 
duction of data in real time to serve as control or reference 
information for accelerated life studies. The secondary 
objective also includes the production of figures-of-merit 
information relating certain similar parts within a given 
parts category. The data is also expected to produce 
strong support for parts screening efforts. The failure- 
analysis portion of the program will result in product 
improvement through close cooperation with the parts 
manufacturer. 

C. Parts Sterilization Program 

At the start of the JPL parts sterilization program a 
basic philosophy was established. It included two major 
points: First, the program was designed to establish the 
previously discussed approved list of heat-sterilizable 
electronic parts together with appropriate assurance 
and/or proof that the itemized parts can indeed survive 
the sterilization environment. Second, the general relia- 
bility characteristics of the parts in question must be 
ascertained as they relate both to the sterilization en- 
vironment under consideration and to the requirements 
relating to long operational life. 

In cooperation with NASA sterilization policy and the 
established basic philosophy, the Laboratory is pursuing 
an extensive electronic parts program to fulfill these 
objectives. The current parts program, utilizing heat as 
the sterilant, was initiated in May 1963. However, a 
small capacitor sterilization investigation was conducted 
as early as March 1962. The earlier effort explored cer- 
tain of the monitoring concepts employed in the current 
program. 

Comparison of these early test programs with the 
present test effort forcefully illustrates the magnitude of 
the current undertaking. The early tests included about 
SO0 capacitors made up of 15 part types. The present 
program involves 42,814 parts made up of 262 part types 
(see Table 1). The presently planned and implemented 
test phase will produce about 418,000,000 part-test hours 
of data. The testing will be completed in 1967 (excluding 
follow-on considerations). As of July 1965, approximately 
70% of the part testing effort was implemented. In 
addition to the planned and implemented tests, certain 
follow-on tests are anticipated. These tests will involve 
new parts not available at the initiation of the given test. 
The follow-on tests will also include parts proposed as 
substitutes for unapproved devices (parts failing the test 
criteria). Certain tests will also be performed to provide 

5 
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Table 1. Current electronic parts sterilization 
test categories 

Part category 

Capacitors 

Resistors (fixed) 

Resistors (variable) 

Diodes (general) 

Diodes (varactor) 

Fuses 

Thermistors 

Transistors 

Crystals 

Relays 

Microcircuits 

Inductors 

Number 

28 

82 

24 

36 

4 

8 

8 

32 

5 

9 

7 

19 

Total 
number of 

parts 

4,200 

14,294 

2,640 

3,856 

384 

7,120 

800 

3,200 

150 

I.800 

700 

3,040 

TOTAL 262 42.1 84 

additional data and information of greater depth where 
special problems and difficulties exist or are discovered. 

The major portion of the parts sterilization test pro- 
gram is being accomplished through contract with in- 
dustry. Only the more complex state-of-the-art items 
remain at JPL as in-house work. 

The scope of the parts sterilization program is further 
broadened by three other related studies: the previously 
discussed ethylene tetraoxide gas sterilant tests, the 
electronic-part packaging considerations, and the studies 
to produce appropriate sterilization screens. Since the 
E T 0  effort has been discussed, no further comment is 
needed here. 

The packaging studies are being made to establish 
methods of handling sterile electronic parts from the 
end of the production line to component fabrication. As 
the result of manufacturing processes, many parts are 
sterile as they leave the production line. Adequate meth- 
ods of handling, shipping, storing, and control must be 
established to maintain this sterility, or sterilization 
techniques must be needlessly reapplied. Since existing 
information indicates that the number of thermal ster- 
ilization cycles is limited, and that the effects of E T 0  
are in question, every effort must be made to maintain 
sterility at source. 

D.  The Program Approach 

In order to fully understand the parts sterilization 
program, some degree of comprehension of the test re- 
quirements and test approach is required. As will be 
recalled, the previously discussed program basic phi- 
losophy established two concepts: (1) the program is to 
produce electronic parts sterilization information, and 
(2) the program is to produce general parts reliability 
data. 

To achieve success under the basic philosophy, the 
procedures must necessarily vary in certain minor points, 
depending on the specifics of the part in question. How- 
ever, in general, the parts are subjected to the following 
procedure: The electronic parts to be tested are selected 
from the Preferred Parts List on the basis of anticipated 
usage. All manufacturers supplying parts for the steriliza- 
tion test program are contacted prior to the procurement 
of test specimens. The intent of the program is carefully 
explained. The manufacturers are encouraged to modify, 
improve, screen or select the proposed test specimens in 
any manner seeming prudent to the manufacturer. The 
Laboratory requires only that similar parts be available 
for future procurement. Part procurement specifications 
are employed in the purchasing of the specimens to assist 
in uniformity and quality. Where feasible for a particular 
part type, products of different manufacturers are repre- 
sented. In this way, a part type evidencing significant 
degradation can be compared among manufacturers. If 
the basic part type is susceptible to change, all parts of 
that type should evidence degradation regardless of 
manufacturer; otherwise changes may be due to a par- 
ticular manufacturer’s quality control or design. Each 
manufacturer’s part type is normally divided into four 
groups. Group A is the control group. These parts are 
not temperature-cycled (simulating heat sterilization). 
Group B is temperature-cycled three times (nonopera- 
tional), first to 145°C for 36 hr in an inert atmosphere, 
and then to 25°C for 24 hr. Groups C and D are similarly 
temperature-cycled for six cycles. The method of simu- 
lating heat sterilization was selected SO that it would be 
compatible with JPL Specification XSO-30275-TST-A 
(see Section I). 

The four groups yield data in the following areas: 

1. Group A is a control group (no sterilization environ- 
ment is applied) and is compared with Groups B 
and C during the 10,000-hr life test. 

2. Groups B and C are the heat-cycled groups. Three 
and six cycles are used in an effort to determine 

6 
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the effects of a different number of heat cycles both 
initially and during the 10,000-hr life test. 

Group D is stored at maximum rated temperature, 
nonoperational, for 10,OOO hr; then the parts are 
life-tested for 250 hr at maximum rated tempera- 
ture and voltage along with the Group C parts 
(which serve as a special control group). Group D 
is intended to simulate a mission in which specific 
equipment would be nonoperational during the 
flight and then turned on at or near flight destination. 

Groups A, B, and C are subjected to a 10,000-hr dy- 
namic life test, with parts operating at maximum rated 
electrical and temperature conditions, following the ster- 
ilization environment. 

The accumulated data will be analyzed statistically at 
the 95% confidence level, using the statistics outlined 
in JPL Specification ZPP-2040-Gen A, “General Specifi- 
cation Computation and Submittal of Component-Test 
Statistics,” and those specified in the test documents. 

Basically, all of the measurements for a specific param- 
eter within a group are combined, and the mean (aver- 
age) and the variance (variability of the measurements) 
are computed after each test step measurement. The 
means and variances of the before and after temperature- 
cycling measurements for Groups B, C, and D are sta- 
tistically compared in order to determine whether the 
temperature cycling had a significant effect on the meas- 
urements: that is, did the mean or average of the param- 
eters shift or did the variability of the individual 
parameter measurements change? This same before-and- 
after comparison technique is used at the loo-, 250-, 
lO!)O-, 2000-, 4000-, 6000-, 8000-. and 10,000-hr life test 
steps to test for changes in parameter measurements. In 
addition, the Group A (control group) mean is compared 
with the applicable Group B and C mean at each of the 
life test  steps i n  order t o  determine whether the  

way significantly different from the reaction of the parts 
that were not temperature-cycled. During life testing, 
catastrophic failures are recorded, and this information 
is used to determine failure data for the final analysis. 
Upon completion of life testing, the following additional 
statistics are computed: 

4------+.7-- nvm1nA -.>rtr rnaotoT1 Allring lifp tests in a L c l l l p , i a ~ u ~ ~ - ~ j ~ ~ ~ -  y,ulr., IuL.u.vu _ _ _ _ _ _  0 --- 

1. The final analysis of the means and variances in- 
cluded within group comparisons and between 
group comparisons. 

2. Graphs of the mean of the measurements for each 
parameter vs time during life test. 

3. 

4. 

5. 

6. 

Exponential failure rate at 90% confidence for each 
group. 

Failure rates. (A Weibull distribution will be used 
to indicate whether the failure rate is increasing, 
decreasing, or constant, or is a combination of the 
three failure modes.) 

A comparison of the history of the previous param- 
eter measurements of each failed part with the pre- 
vious parameter measurements of the unfailed parts 
from the same group. From this information the feas- 
ibility of predicting failures from early nonconform- 
ing parameter measurements will be investigated. 

A summary of the test program, including 
sterilization parts recommendations. 

E. The Approach Philosophy 

There are three major sections in every given test 
project: (1) a test design resulting from an hypothesis, 
(2) a test performed in accordance with the design, and 
(3) an appropriate analysis of both the specimen failures 
and the produced data. In addition to these general re- 
quirements, it is also prudent in most cases to provide a 
feedback loop from the data reduction/failure analysis 
portions of the test to the test design to improve and 
perfect the test method. 

With these concepts in mind, the previously discussed 
elapsed-time test approach will be compared to the 
compacted-time or accelerated test approach. First a 
description of a nominal accelerated test approach is 
given. This plan, commonly referred to as the step stress 
test, consists of a Kethod of sfibjecting a given sample 
of test specimens to a certain stress P ,  for a specific time 
interval t,. At the end of the test interval, the stress is 
removed and the specimens are allowed to stabilize to 
standard test conditions. Parametric measurements are 
performed and recorded. ‘lhe faiied devices are removed 
from the test. The remaining sample specimens are then 
subjected to a higher stress P1 for the selected time inter- 
val. Again the stress is removed and the specimens are 
allowed to stabilize to the standard test condition, the 
attendant parametric measurements again being per- 
formed and recorded. This sequence of events is continued 
until all specimens or some specified percentage thereof 
fail. Concurrently with the described test action utilizing 
the time interval t ,  other similar test efforts involving a 
number of selected test intervals, t2,  t3, ..., t,, are being 
carried out. 

7 
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The data are assembled in graphical form. A possible 
presentation of this information is shown in Fig. 1, 
wherein a function of stress f ( S )  is plotted against time. 
( The abscissa is normally a logarithmic expression. ) 

The elements of the distribution curves (examples 
S , ,  - e . ,  S,) lying on any ordinate t , ,  t2, . . e ,  t, are made up 
of failure data obtained at the various stresses resulting 
from PI, P I ,  . . ., P,. The slope intercept is drawn through 
any chosen point, say the median M ,  on each distribution 
curve. This intercept is extended by extrapolation to any 
chosen operating level, yielding a predicted failure rate 
time t, at that operating level. Time t, will usually be 
from 30 to 50 times above the longest test time interval 
involved in the actual test. 

The step stress accelerated test is only one approach 
to achieve high stress loading in the interest of compact- 
ing test time. Another method employs high constant 
stress for defined time periods or until a given percentage 
of the test specimens fail. This method also allows a slope 
intercept to be drawn b y  extrapolation, relating meas- 
ured failure distributions and a predicted failure rate at 
some grossly extended time. These methods should yield 
similar predicted values as end results. 

The major advantage of the accelerated test is obvi- 
ously one of time compaction during the specimen 

screening. The major disadvantages relate to (1) the 
questionable accuracy of the required extrapolation 
methods, (2) the unknown anomalies resulting from the 
assumption that the required temperature cycling asso- 
ciated with the parameter measurements is insignificant, 
(3) the assumption that the failure modes throughout 
the stress range are constant and similar to those modes 
encountered in practical application, and (4), in the case 
of step stress techniques, the assumption that prior steps 
do not affect subsequent test levels. 

Comparison of the elapsed-time test vs the accelerated 
test time techniques centers around two major issues, 
time and acceptable proof. The accelerated approach 
has a tremendous time advantage. However, the acceler- 
ated approach does not provide a test-proven hypothesis. 
Therefore, an implemented program with the accelerated 
approach must in general depend upon other correlating 
elapsed-time information for substantiation of the pro- 
duced accelerated data. The corollary of these statements 
indicates that the elapsed-time approach is slow, but the 
test will produce factual evidence in accordance with 
its test design. For these reasons, it is obvious that the 
elapsed-time approach can support the accelerated studies 
with solid basic information in order that the accelerated 
technique may be examined, compared, and improved. 
The reverse statement is not true, in that the accelerated 
approach does not necessarily produce baseline informa- 

TIME 

Fig. 1. Presentation of step stress information 
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tion. The elapsed-time approach has been employed to 
study the effects of sterilization. There are enough un- 
knowns within the program without introducing prob- 
lems through questionable measurement techniques. 

These comments are not meant to imply that there is 
no interest in accelerated testing. Indeed, the advantages 
and disadvantages of accelerated testing techniques are 
being explored at the Laboratory. The analysis of failed 
test specimens is important information, as is the study 
of the produced test data; together they describe modes 
of failure. However, the most important aspect of the 
current work is the feedback of the failure mode informa- 
tion into the test design. Proof that the hypothesis is 
correct most be obtained prior to any extensive use of 
the technique. 

F. Program Status lJuly 1965) 
The parts sterilization test phase, using the Preferred 

Parts List as a selection criterion, is largely under way. 
Although this does not necessarily mean that testing has 
been started, action involving electrical tests is in process 
(Table 2). Testing of one type of part, the capacitor, is 
well advanced, 10,000 hr of testing having been com- 
pleted. And it is appropriate here to examine briefly 
some of the general aspects of the capacitor test. 

For this test program, 4200 capacitors, representing 28 
distinct types of the following dielectrics were selected: 

Ceramic (medium K style) 

Porcelain 

Glass 

Mica (dipped style) 

Solid tantalum 

Foil tantalum 

Paper/piastic 

Mylar 

In accordance with the general plan, prior to ordering 
the units for test, the purpose of the sterilization test 
program was explained to each capacitor manufacturer 
selected for evaluation. Therefore, each manufacturer 
had the same opportunity to submit “premium” capacitors 
with the best capabilities of meeting the objectives of 
the test program. In addition, the manufacturers were 
required to “burn in” each capacitor for a period of 250 hr 
at maximum rated dc voltage and temperature before 
shipment. 

The 10,000-hr capacitor phase of the program has been 
completed. However, owing to certain wearout observa- 
tions made in the later part of the 10,000-hr phase, a 
considerable portion of the earlier capacitor phase will 
continue on to 16,000 hr of test time. In addition, a 
follow-on test has been initiated to provide specific sup- 
plemental capacitor information. 

As summarized below, the dielectrics most significantly 
affected by sterilization temperature cycling were the 
ceramic and solid tantalum types. 

1. Ceramic Capacitors 

The capacitance and dissipation factor of the ceramic 
dielectric increased as a result of sterilization. However, 
during the 10,000-hr life test at rated dc voltage and 
temperature, the capacitance dissipation factor decreased 
gradually and approximated the values observed before 
sterilization. 

The temporary increase in capacitance and dissipation 
factor resulting from sterilization is probably acceptable, 
providing the circuit applications permit a maximum 
capacitance increase of 20% and a maximum dissipation 
factor value of 2.5% to 1 kc. 

2. Solid Tantalum Capacitors 

As a result of sterilization, the insulation resistance of 
certain test specimen groups decreased by a factor of 
10. After 100 hr of life test at rated dc voltage and tem- 
perature, the insulation resistance of these specimens 
generally increased to the values observed prior to ster- 
ilization. However, at this same period of time, several 
catastrophic failures occurred in one of the test groups 
whose insulation resistance was affected by sterilization, 
whereas the first catastrophic failures of the test groups 
unaffected by sterilization occurred after 4000 hr. After 
8000 hr of life test, the test groups affected by steriliza- 
tion had on!y n s!ight!y greater number of ratastrophic 
failures. 

Although this evidence is inconclusive, it would ap- 
pear that solid tantalum capacitors whose insulation 
resistance is significantly decreased as a result of ster- 
ilization are more likely to become catastrophic failures 
in a shorter period of life when stressed at rated dc 
voltage and temperature. However, test groups whose 
insulation resistance was unaffected by sterilization pro- 
duced catastrophic failures after 4000 hr and became 
progressively worse through 8000 hr, probably because 
of wearout caused by stressing at maximum rated dc 
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voltage and temperature. In an attempt to reduce the 
number of catastrophic failures and to isolate the effect 
of sterilization from normal wearout, a retest of solid 
tantalum has been initiated using a voltage/temperature 
type of matrix. 

G. Conclusions 

The early information obtained from the first phase of 
the capacitor test coupled with the initial data returns 
from certain other operating test categories can be util- 
ized to support several interesting observations as early 
conclusions. First, the technical data produced will cer- 
tainly satisfy the prime objective of the effort, that is, to 
produce a list of approved sterilizable parts. In order 
to preclude obsolescence, the sterilization list and its 
supporting test endeavor must be a continuing effort, 
capable of accepting, within certain restrictions, new or 
improved parts. This is particularly significant as related 
to state-of-the-art devices, including semiconductors and 
microcircuits. Second, special attention must be given to 
maintaining the identity of test specimens. It is certainly 
desirable for product improvement by the manufacturer 
to up-grade a given part, However, changes in materials 
and processes may totally negate existing sterilization 
data. This is a particularly serious problem because of 
the long test time required to produce the longevity 
information. Proper and complete identification will help 

preclude this loss, and JPL will soon initiate a rigorous 
parts identification program to meet this need. 

The third observation relates to the distortion of infor- 
mation due to the presence of multiple degradation 
factors. A prime example of this problem can be observed 
when the information produced by the sterilization envi- 
ronment is compared with the data resulting from the 
long-life portion of the studies at elevated (rated) tem- 
peratures. The degradation factors occurring as a result 
of sterilization tend to become obscure with time during 
the life test. This is an undesirable situation. However, the 
total value of the test is not materially distorted even with 
the loss in identity of the specific degradation. The 
rationale for this statement can be understood if it is 
remembered that the intent is to produce information 
about approved parts. One of the major requirements for 
approval is that the part be capable of demonstrating 
reliable, long-life characteristics. 

A fourth general observation indicates that data relating 
to secondary objectives may well be so copious as to 
partially overshadow the primary objective results. Early 
indications point to the potential ability to produce wear- 
out data in certain parts, the relationship of true part 
ability to its rating information, derating data, and figure 
of merit information as types of information envisioned 
from the tests. 

ABSTRACT 

“Component Parts Sterilization,’’ Space Programs Summary N O .  37-1 7, Vol. 11, 
n-.  r alt T T T  l l L - ~ - d a ,  F 0, Jc: Pr=p~!si i”~ L.abnratory, Pasadena, California (Confidential). 

(Classified material not abstracted) 
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111. FACILITIES 

Abe Cohen 

A. Project EASL 
1. Functional Objectives 

An Experimental Assembly and Sterilization Laboratory 
(EASL) was conceived in February 1965 and completed 
in June 1965 to meet urgent project requirements for a 
small facility in which the procedures and operations 
proposed for the assembly of sterilizable spacecraft could 
be practiced and developed. 

The laboratory embodies all the elements of an actual 
assembly facility in order to permit conformance with 
anticipated procedures and to confront all concerned 
personnel with specific problems in realistic day-to-day 
operations leading to the ultimate development of sterile 
spacecraft. 

Specific objectives of this facility include laboratory 

1. The effects on spacecraft design which are intro- 

investigations and operations to determine: 

duced by the bioclean requirements. 

2. Problems in the hardware/personnel/bioclean inter- 
faces and those which may result from the introduc- 
tion of microbiological technicians into the operating 
area. 

3. Bioclean facility restraints on the performance of 
required hardware tests. 

4. Requirements and techniques for microbiological 
sampling in the spacecraft assembly and test oper- 
ations. 

5. Effects on, and requirements for, special tools, fix- 
tures, jigs, and test equipment. 

6. General “time and motion” implications in all oper- 
ations conducted under the bioclean restrictions. 

7. Conditions, processes, and operations which should 
be strengthened, modified, relaxed, etc., including 
the existing bioclean environmental requirements 
themselves. 

In substance, while the concept of spacecraft subsystem 
and system assembly and test for a nonsterile spacecraft 
is well understood and documented, the bioclean require- 
ments for sterile spacecraft operations introduce a new 

element which must be fully evaluated from start to finish 
of spacecraft assembly and test. 

2. Facility Guidelines 

Primary guidance for both the design and operation of 
the proposed laboratory is set forth in a NASA document 
entitled “Interim Requirements for Bioclean Facilities.” 
Various portions of the following directives, specifications, 
and standards also apply to the facility design: 

1. Clean Room and Work Station Requirements, Con- 
trolled Environment, Federal Standard No. 209, 
Government Printing Office, Washington, D.C., De- 
cember 16,1963. 

2. Standards and Guidelines for the Design and Oper- 
ation of Clean Rooms and Clean Work Stations, Tech- 
nical Order 00-25-203, U.S. Air Force, Washington, 
D.C., July 1,1963. 

3. “NASA Unmanned Spacecraft Decontamination Pol- 
icy,” NASA Management Manual, Chapter 4, Wash- 
ington, D.C., September 9,1963. 

4. “EnvironmentaI Test Specification Compatibility 
Tests for Ethylene Oxide Decontamination Require- 
ments,’’ Specification GMO-50198-ETS, Jet Propul- 
sion Laboratory, Pasadena, California, December 12, 
1963. 

5. “Environmental Test Specification Compatibility 
Test for Planetary Dry Heat Sterilization Require- 
ment,” Specification XSO-30275-TST-A, Jet Propul- 
sion Laboratory, Pasadena, California, May 24, 1963. 

6. Manual of Design Criteria and Construction Stand- 
ards, NASA Facilities Publication NPC 325-1, NASA, 
Washington, D.C. 

3. Project Scope 

The scope of the proposed project is illustrated in Fig. 1. 
In actual operation of the laboratory, technicians are re- 
quired to construct spacecraft parts/subassemblies under 
the rigorous constraints imposed by the bioclean working 
environment. Special personnel restrictions with respect 
to hygienic practices, clothing, and bioclean procedures 
and techniques also apply. 

1 2  
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4. Description 

The EASL floor plan, dimensions and general arrange- 
ment are shown in Fig. 2. Figures 3 through 9 illustrate 
actual features of the facility. 

5. Project Results 

Checkout and certification operations conducted in the 
facility during June 1965 demonstrated that the essential 
criteria of NASA’s “Interim Requirements for Bioclean 
Facilities” can be met. 

Particulate counts indicate that the clean rooms are 
at least one order of magnitude cleaner than class 100 as 
specified in Federal Standard No. 209. Similarly, micro- 
biological assays of the dormant facility demonstrate 

Fig. 5. Dressing room (clean side) 

Fig. 3. locker and washroom area 

Fig. 4. Dressing room (semiclean side) 

Fig. 6. View of bioclean room (from dressing room) 

negligible microbial contamination in the clean room 
environments. Ultimate performance of the facility will be 
a function of the degree of control exercised on (1) oper- 
ating personnel, (2) materials, tools, and test equipment, 
and (3) the processes undertaken in the various rooms of 
the facility. 
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Fig. 7. Particulate monitoring operation in bioclean room 

. - 
Fig. 8. 

_- ~ 

Decontamination operation in receiving area 
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Fig. 9. General view of OSE and receiving, cleaning, and decontamination areas 
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B. Assembly Tesf and Sterilization fac i l i ty  
f AT&Sf I 

In the spring of 1963, JPL initiated studies to determine 
the basic feasibility of designing and constructing a 
facility for the assembly, test, and sterilization of space- 
craft capsules which might have a significant probability 
of entering the atmosphere of a planet. As NASA policy 
for the decontamination and sterilization of unmanned 
planetary landers evolved and project planning for the 
Aluriner B program developed, JPL contracted with the 
architectural and engineering ( A&E ) firm of Daniel, 
Mann, Johnson and Mendenhall to study and develop 
facility criteria. The architectural and engineering efforts 
were supplemented by the consulting services of Prof. 
George S. Michaelson, Director, Environmental Health 
and Safety, University Health Service, University of 
Minnesota, and Mr. Harold \V. IVolf, Senior Sanitation 
Engineer, U.S. Public Health Service. These criteria de- 
velopment studies undertaken November 4, 1963, were 
paced to conform with Muliner Project development and 
published’ after completion on April 2, 1964. 

1. Design Concept 

In facility design, the basic concern of the A&E is 
to achieve a low level of microbiological contamination 
or to reduce the existing level of microbiological contami- 
nation throughout all stages of capsule assembly and test 
so that the total microbial load exposed to the terminal 
heat cycle is within the kill capabilities of that cycle. 
Conceptual design was therefore predicated upon devel- 

‘“Criteria 1)evelopinent Studies for an Assembly, Test and Ster- 
ilization Facility,” Daniel, Slann, Johnson and \lendenhall, Los 
Angeles, Calif. 

Table 1 .  Summary of comparative equipment 
performance 

Method 

Air filtration 

Ionization 

Gomma radiation 

Ultraviolet 

Electrostctic 
precipitation 

Chemical air 
washers 

Air washers 

Air incineration 

18 

Effective- 
ness 

2 

5 

4 

4 

3 

2 

3 

1 

- 
First 
cost 

2 

5 

4 

4 

- 

3 

2 

1 

5 

Applita- 
tion 

Relia- 
bility 

1 

5 

4 

4 

3 

3 

2 

1 

_ _ _ _ _ ~  

Dperating 
cost 

oping technically feasible and economical approaches to 
the control of microbial contamination in capsule assem- 
bly and test environment, operating personnel, tools, test 
equipment, and all materials and processes. 

2. Control of Capsule Environment 

Various methods of reducing or controlling microbial 
contamination in the capsule assembly and test environ- 
ment were investigated. Results of these investigations are 
presented in Table 1. The analyses indicated that a com- 
bination system of air filtration and air washing offers the 
optimum approach. Air filtration in combination with 
chemical air washing is also effective although the costs 
are somewhat higher. 

3. Horizontal vs Vertical Laminar Air Flow 

The merits of vertical and horizontal laminar air flow 
in the air filtration concept were investigated to determine 
their relative effectiveness in this application. The hori- 
zontal approach offers some economy in first cost and a 
better solution to the lighting problems; the vertical 
laminar air flow approach offers a less contaminated room. 
The decision in favor of vertical flow is also influenced by 
the nature of the work to be performed and the antici- 
pated fabrication processes. 

4. Analog Studies 

The selection of vertical laminar flow was not confirmed 
until the spatial requirements invoked by the potential work 
flow and area layouts were examined. Two-dimensional 
analog studies were conducted to evaluate the equipment 
and man/machine interfaces which might inflict serious 
cost penalties on the use of laminar flow or even demon- 
strate the impracticability of establishing and maintaining 
the laminar flow. 

Figures 10 to 14 illustrate five configurations which can 
be considered representative of the interfaces which 
may be encountered in the Assembly Test and Sterili- 
zation Facility. The studies demonstrate the following 
summarized findings: 

1. Vertical laminar flow can be obtained (or recaptured) 
approximately 5 ft below the ceiling level using a 
light module about 2 ft wide. 

2. Eddies can be expected near ancl slightly below the 
bottom edge of the capsule, where it rests on the 
assembly pad. 

3. If the assembly pads are spaced no closer than 6 to 
8 f t  from each other, no special problems in turbu- 
lence are interjected into the design considerations. 



JPL TECHNICAL REPORT NO. 32-853 

I i 
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Fig. 10. Analog study: isolated capsule 

I i 

Fig. 12. Analog study: man/capsule 

Fig. 1 1 .  Analog study: capsule/capsule Fig. 13. Analog study: horizontal capsule/rnan 
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Fig. 14. Analog study: light fixtures 
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4. The interface between the technician and the cap- 
sule will result in excessive turbulence and loss of 
laminar flow above the bottom edge of the capsule 
as the distance between the two is decreased. The 
critical distance here is on the order of 1% ft. If the 
technician performs his operations from a point be- 
yond this distance, little interference can be expected. 

5. In considering the possibility of tilting the assembly 
pad to facilitate certain capsule assembly operations, 
the previous problem is accentuated by the config- 
uration of the capsule itself. Excessive turbulence 
and loss of laminar flow will occur. 

The studies also indicated that isolated instances of 
turbulence (such as those encountered at the h s c  of the 
capsule) can be controlled by means of fairing devices. 
Similarly, adjustments in the work habits of the tech- 
nicians can prevent the build-up of turbulence around a 
capsule throughout the assembly process. 

From the standpoint of facility design the primary 
requirement is to assure :t basic approach that will neither 
interpose costly spatial requirements (vertically or hori- 
zontally) nor prevent operating personnel from perform- 
ing their duties in an efficient manner. 

5. Integrated Modular Design 

A ceiling module integrating the mechanical, lighting, 
and structural requirements would offer several advan- 
tages, particularly in reduced construction costs and 
assurance of quality. The seal problem surrounding the 
superinterception filters is a special concern. Figures 15 
to 19 illustrate an integrated modular design concept 
which resolves most of the problems. Any concept should 
recognize all the problems: namely, lighting needs, struc- 
tural loads, laminar flow requirements, maintainability, 
accessibility, costs, problems in field fabrication and 
installation, and quality control. 

20 
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AIR SHAFT UPPERiEVEL SUPPORT SPACE 

\ \ USABLE SPACE VOLUME 

SPACE 
VOLUME UNDERFLOOR 

SUPPORT SPACE 

UPPER-LEVELSUPPORTSPACEUSEDFOR: 
I. FILTER ACCESS 
2. LIGHTING FIXTURE ACCESS 
3. VOLUME DAMPERS 
4. SUPPLY AIR DISTRIBUTION PLENUM 
5. REHEAT COILS 
6. OVERHEAD WIRING 
7. TEMPERATURE CONTROL ZONING 

LOWER-LEVEL SUPPORT SPACE USED FOR: 
I .  PRESSURE CONTROL. BALANCING . ._ 

DAMPERS, AND ACCESS- 
2. UNDERFLOOR WIRING 
3 UNDERFLOOR RETURN AIR PLENUM 
4. FAN EQUIPMENT LOCATION 

Fig. 15. laminar downflow module: volume 
relationships 

6. Process Control 

The facility design problem in the control of all pro- 
cesses is primarily a resolution of the human factors in the 
fabrication and test operations. In general, a good facility 
design approach means that adequate space and proper 
equipment are provided for the anticipated operations, 
and that flexibility, versatility, and growth are built into 
the design at the very start. The optimization of these 
areas was obtained by means of a formalized functional 

performed on a reiterative basis as criteria were developed 
and implemented. 

aiialyysis of a!! opzra:ions. The fx!ctim.! ana!ysls was 

7. Material Control 

Since numerous vendors will supply the various capsule 
components and subassemblies which will be assembled 
and tested in the AT&SF, positive means of contamination 
control must be considered from the time material is 
received. Particular attention must be given to ensure 
that all materials, including tools and test equipment, are 
properly received, documented, and decontaminated 
before entering the clean areas of the facility. Essentially 

this means rigorous procedural controls, interlocks, and 
well-planned layout and equipage of supporting as well 
as primary work areas. Basic layouts and material flow 
patterns which meet the criteria are illustrated in Figs. 20, 
21, and 22. The decontamination arrangement is shown 
in ,Fig. 23. 

8. Personnel Control 

Personnel are a major source of particle contamination 
as well as microbiological contamination. Data indicate 
that the average person sheds 3.5 viable particles per 
minute. The data in this area may be refined as results 
from the U.S. Public Health Service micro-bio-tank ex- 
periments at the Communicable Disease Center in Savan- 
nah become available. The microbial contamination shed 
by the individual represents, at present, the greatest 
problem to the facility designer. 

Solutions to personnel contamination problems are 
many and varied. Initially, extensive consideration should 
be given to reducing the manpower requirements in the 
basic assembly and test procedures. However, there is a 
practical limitation because of the very nature of the work, 
which is not a high-volume repetitive assembly line effort 
but is more properly classified as special crafting oper- 
ations by highly skilled technicians. As indicated earlier, 
formal functional analyses with emphasis on the human 
factors can assist greatly in obtaining a true definition of 
manpower requirements. 

Subsequent personnel control efforts may include the 
following: 

1. Preselection among technically qualified personnel. 

2. Medical examination and daily health surveillance. 

3. Introduction of adjunctive personnel hygienic prac- 
tices (such as use of special soaps). 

4. Reduction of personnel traffic by means of: 
a. Optimum facility k i p i t ,  2s i!!iis:ra:ed in Fig. 24. 
b. Adequate and flexible communications. 
c. Good visibility between and among operating 

areas. 

5. Indoctrination and training in work practices and 
procedures. 

6. Close supervision and monitoring of procedures by: 
a. Film cameras. 
b. TV cameras. 
c. Visual observation. 

7. Proper dress of all personnel. 
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Fig. 21. Criteria drawing: assembly area layout 
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I- 
i I 

COMBINATION STEAM AND 
ET0 STERILIZER 

L -3 - -3 

' t  
c .A- 

I 1 -. ' 

I------ 

MATERIAL AND EQUIPMENT FROM OUTSIDE 
FACILITY RECEIVED AND PROCESSED HERE 

Fig. 23. Typical pass-through decontamination bank from receiving department into clean areas 

The selection of proper dress is an extremely pressing 
concern. On the one hand, personnel codd be dressed in 
the equivalent of a diving suit to completely isolate them 
from the surrounding environment. On the other hand, 
they could be dressed in ordinary street clothing and rely 
on the laminar air flow to remove the microbiological 
uvriiairiiriaiiwii frurrl the area. The forrr~er a p p r ~ x h  ~ p -  
pears to be too rigorous and might severely undermine 
the motivation and performance of the employee. The lat- 
ter approach appears to be more optimistic than prudent. 

A reasonable middle-ground approach which is effective 
in controlling microbiological contamination from per- 
sonnel but does not adversely affect the comfort, conven- 
ience, and morale of personnel appears to be the answer 
at this time. 

Personnel head coverings are of particular interest since 
millions of microorganisms may abound in the oral dis- 

charge of individual employees. Figures 25 and 26 illus- 
trate typical approaches which have been considered. 

The ultimate selection of attire may also be influenced 
by the development of a capability to decontaminate 
articles of clothing by passing them through a steam or 
GjLl*y.bllL-"**u~ -tL. .l*-,, n";A,=, L I U L V b L U .  n .. tnnlo ,,o V. 

9. Microbiological Assay and Control 

A unique feature of the AT&SF will be the constant 
monitoring of all spacecraft assembly operations for evi- 
dence of microbiological contamination. An average of 
approximately 25 samples per hr may be required to 
achieve the proper confidence level in operational pro- 
cedures and techniques. Each of these 25 samples will, 
in general, be cultivated in two different media (one for 
bacteria and one for mold), under two different oxygen 
tensions (aerobic and anaerobic), and incubated at three 
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Fig. 25. Personnel ducted helmet 
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Fig. 26. Personnel respirator mask 
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HEATED SUPPLY LINE 

different temperatures (20, 37, and 55OC). The net result 
is that for any 8-hr day as many as 2400 specimens may be 
handled. In addition, samples must be removed from the 
incubators at 24-hr, 48-hr, and 7-day intervals for exam- 
ination to determine the presence of microorganisms. 
Accordingly, an extensive, well-equipped and thoroughly 
planned microbiological assay laboratory is an inherent 
part of an AT&SF. 

Figures 27 through 32 illustrate concepts of the typical 
work flow in the laboratory operations and are presented 
herein to highlight the volume and significance of the work. 

10. Recommendations and Conclusions 

The design and construction of an AT&SF which will 
contribute to the ultimate sterility of planetary landers 
can be demonstrated. The facility can be constructed from 
off-the-shelf hardware at reasonable costs. While some 

ST 4M HOT 

- 

I AND I 

,TER 

PUMP 

HEATED 
MEDIA 

DISPENSING 

special crafting of individual items is indicated, no break- 
throughs or special hardware developments are required 
to meet the essential facility criteria. 

Conservative calculations made during the studies indi- 
cate that a typical Mariner capsule could accumulate 
approximately 1.8 X IO6 viable particles during assembly 
and test operations in the proposed facility. 

The following areas appear to need improvement and 
further development: 

1. Automated microbiological assay laboratory devices. 

2. Improved design, sizing, and pricing of laboratory 
equipment. 

3. Smaller (instantaneous readout) particulate counters 
(readily portable). 

UTILITY AREA m 

SCAVENGING 
PUMP /7 

S Y S T E ~  DRAIN 

I L  

MEDIA DISPENSING 
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I 

Fig. 28. Temperature-controlled recirculating media dispersing system 
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IN ANAEROBIC IN INCUBATOR 
BASKETS 

PETRI DISHES TRANSPORTED 
IN MULTIPLE LOTS, BUT 
HANDLED INDIVIDUALLY FOR 
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RETURNED TO UTILITY AREA 

PLACE ON 12 DISH TRAYS 
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STACK 12 DISH TRAYS \ IN AUTOCLAVE 

\ E l  AUTOCLAVE 

\-COOL 

+ 
REMOVE FROM AUTOCLAVE AND 

LAY OUT IN SINGLE LAYER 
FOR DISPENSING MEDIA 

I 

PETRI DISHES 
HANDLED IN 
12 DISH/TRAY 
LOTS 

I 1 

INVERT PETRI DISHES I 
INDIVIDUAL BASKETS AND RACKS 
OF ANAEROBIC JARS TO COUNTING 
STATIONS. EACH PETRI DISH 
EXAMINED 3 TIMES 

\ 
INCUBATION BASKETS 
AND ANAEROBIC JARS 
CARTED TO INCUBATORS 

\ INDIVIDUAL DISHES REMOVED 

STACK I N  REFRIGERATOR 
STORAGE CABINET 

3 
REFRIGERATOR STORAGE CABINET 

d 
REMOVE FROM STORAGE AND 

TRANSFER SAMPLES TO MEDIA. 

SAMPLE 
ONE TRAY OF 12 DISHES/ 

' STACK TRAYS \ FROM TRAYS AND SEGREGATED - FOR PASSAGE 
THROUGH AIRLOCK INTO INCUBATOR BASKETS 

AND ANAEROBIC JARS 

Fig. 29. Petri dish flow diagram "A" 

4. Improvements in all clean-room clothing from the 
standpoint of sterility requirements and with atten- 
tion to the capability to withstand steam or ET0 
autoclaving. 

5. Improved headgear with emphasis on microbiologi- 

6. New and improved techniques for microbiological 
sampling and assay work. 

7. Additional functional analyses to further develop 
human factors in man/machine interfaces in space- 
craft sterilization technology. cal contamination problems. 
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IV. PROJECT ENGINEERING 

As part of its activities, the Environmental Require- 
ments Section provides microbiological and systems engi- 
neering capabilities for the study, implementation and 
execution of project policies concerning sterilization 
requirements. These capabilities have been developed by 
the section's sterilization group, consisting of professional 
microbiologists and systems engineers. The group is sup- 
ported by a unique sterilization laboratory designed 
exclusively for research and development related to space- 
craft sterilization problems. The sterilization group also 
maintains liaison with other specialists involved in sterili- 
zation techniques and research that are applicable to 
spacecraft steriliz a t '  ion. 

A.  Recovery of Microorganisms from Solid 
Materials, J .  landolo 

The elimination of microorganisms by sterilizing treat- 
ments presupposes an existing technique to detect contam- 
inating bacteria. I n  the conventional materials ordinarily 
assayed by bacteriologists this requirement is easily met. 
However, the rapid advances in spacecraft technology, 
aimrd at  planetary exploration, have introduced sterili- 
zation requirements that present a challenge to the micro- 
biologist. The time-tested and proven techniques, using 
high-pressure steam at 2.50°.F, are no longw applicable. 
Rather, dry heat and gaseous fumigation techniques are 
being investigated. This change in approach is due to the 
need for sterilization of nonconventional materials. 

Determining thc presence of contaminating micro- 
organisms in such materials as plastics, epoxy resins, and 
rocket propellant is essential for a proper evaluation of 
the sterilizing trclatment. The surfaces of these solids can 
b c h  examincd by various rncwxs, but the presence of interior 
flora is considerably more difficult to realiably determine. 
To soIve this problem, the Dynamic Science Corporation' 
under contract to JPL, has been dcweloping methods for 
the detection of viable organisms in solid materials. 
Initially, scveral avcnuc's of approach wcw utilizcd, en- 
compassing physical as wclI as biological assay systems. 
Thcw data \ v c m  I;irgc4y negative,. Distinctions between 
thc background matclrial and viable and nonviable par- 
ticlcs ~vcre not always possible with methods such as 
electron spin rcsonancc', staining, fluorescent staining, 
electrophoresis and radioautography. Consistclnt results 
werc 1xoduccd b y  hactc.riologica1 culturing techniques, 
which were adopted for further study. 

1900 Walkcr Ave., hlonrovia, Calif. 

The most immediate problem facing the researchers 
was the freeing of the microorganisms from encasement. 
Pulverization techniques involving drilling, ball mill, 
Waring blender, and mortar and pestle were investigated 
as well as techniques designed to solubilize solids. 
Although encouraging results were obtained with these 
techniques, none was found to be as effective as drilling, 
and this was eventually determined to be inferior to 
sawing the solid and examining the saw dust for bacteria. 

Recovery of microorganisms from solids prepared to 
contain a standard count per unit volume was below 
expectations. Improvement was obtained by removing 
inhibitory substances present in the solids. Leaching with 
sterile distilled water was employed, after which the redox 
potential and pH were adjusted. The leached particles 
were then cultured. Using these techniques, viable 
organism5 in quantities as low as 101-lO'/cc could be 
detected. 

Future contracted activities planned for the Dynamic 
Science Corporation involve improvement of the recovery 
techniques now available and the development of new 
procedures consistent with the aims of the study. A de- 
tailed study of sawing methods and saw types for several 
classes of solids is necessary in order to improve the 
efficiency and applicability of the methods while simul- 
taneously reducing any physiological damage to the 
entrapped organisms. Additionally, studies are to be made 
of the optimum conditions for leaching toxic substances 
from the pulvc>rized solids. Further, there exists a need to 
devise methods by which the soluble inhibitors (leachates) 
and the inhibitors present within the solid (nonsoluhles) 
may be neutralized or inhibited. 

A broader, more detailed investigation leading to the 
development of culture media which optimize the re- 
covery of injured organisms will be made. A study of this 
type will necessitate the consicleration of scveral clnssc~ 
of substances capable of countcmcting the injuring effects 
of pulverization and leaching. Growth factors and meta- 
bolic constituents not normally required by the organisms 
under other conditions will hc studicd. The trace metal 
content, the ionic strength, thc, pH, and the rcdox potcwtinl 
will also be considered. 

The basic aim of the research plan is to define a prac- 
ticable procedure for the recovery of entrapped micro- 
organisms, regardless of their physiological condition, 
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from the interior of compatible solid materials used in 
spacecraft construction. 

B. A Biological Sterility Indicator for Dry Heat 
Sterilization, A. Irons 

The need to prove the sterility of spacecraft which will 
impact extraterrestrial surfaces requires the development 
of a biological indicator capable of proving, with a high 
degree of confidence and reliability, that sterilization has 
in fact been achieved. A biological test system is a valid 
method of testing for the adequacy of the proposed 
sterilization cycle. This work is under contract to the 
Wilmot Castle Company, Rochester, New York. 

The indicators, when developed, could be placed in 
various locations about the spacecraft being sterilized, 
and after the sterilization process they could be retrieved 
and cultured to determine whether or not the process was 
successful in destroying all the microorganisms associated 
with the indicator. The organisms contained in the indi- 
cator would have been previously shown to be: 

1. One of the most dry-heat-resistant type of organisms. 

2. Present in numbers in excess of the number of organ- 
isms possibly present on or in the spacecraft. 

3. Capable of being grown on the recovery medium 
being used. 

At the start of the program, the state-of-the-art did not 
permit the fabrication of an indicator capable of surviving 
exposure to a temperature of 135°C for a period of ap- 
proximately 20 hr, which was one of the requirements. 
Since then, an indicator has been made which meets our 
requirements of time, temperature, and exposure in an 
atmosphere of dry nitrogen. 

The problem of heat resistance was solved by using 
vacuum-dried spore powder. The number of spores con- 
tained in each indicator approximates 1 X 10". This 
number of spores, in powder form, is compressed into a 
%-in. tablet under pressure of 30 tons per sq. in. after 
freeze drying. The problem of exposure of the organism 
to dry heat while in an atmosphere of dry nitrogen was 
solved b y  fabricating a Teflon tube, hermetically sealed, 
to contain the spore tablet in an atmosphere of N,. 

Resistance of the indicator organisms to 20 hr at 135°C 
has been erratic and variable. The erratic survival pattern 

is being investigated, and it is felt that this problem can 
be solved in one of several ways: 

1. Production of a cleaner spore crop centrifuged in a 
refrigerated centrifuge to prevent incipient germi- 
nation, with the resultant contamination of the spore 
powder with dead vegetative cells. 

2. Thermal insulation of the spore tablet. 

3. Use of a strain of B. subtilis spores which appear to 
have better heat-resistant characteristics than the 
WC18 strains now in use. 

4. Agitation of cultures after inoculation with the ex- 
posed spores. (This has produced positive cultures 
where otherwise they appeared to be negative.) 

Industry can benefit from the availability of a biological 
indicator which can be utilized for determining sterility 
at increased temperatures for extended periods of time. 

C.  Microbiological Filters for liquid and Gas, 
A.  Irons 

Production of certain sterile spacecraft systems and the 
maintenance of sterility of these systems may require 
sterilization by filtration. For example, some of the. liquids 
required for biological experiments may be degraded by 
the proposed dry heat sterilization cycle. Also, sterile 
assembly procedures which may include glove box sys- 
tems should require some method of sterile filtration of air. 
Clean room assembly procedures accomplished under 
conditions of laminar-flow air required high-efficiency fil- 
tration to keep the airborne microbial load at a minimum. 

This study was designed to make an impartial evalua- 
tion, under use conditions, of currently available filters. 
The intent of this study is to determine which filters, if 
any, are acceptable for use in the assembly and mainte- 
nance of sterile spacecraft and to compile a list of filters 
which call be used for abso!r;te fikratior, ~f air ZT gas 
and/or sterilization of gas and liquid. This work is under 
contract to the Wilmot Castle Company, Rochester, New 
York. 

This evaluation will cover four specific areas: 

1. Evaluation of superinterception filters in a duct. 

2. Evaluation of filters in a pressure gas-flow system. 

3. Evaluation of filters in a pressure liquid-flow system. 

4. Evaluation of filters in the filtration of small volumes 
of liquids under gravity flow conditions. 
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In all cases, liquids or gases will contain microbial 

Certain problems were presented by this study such as: 

1. Consistent contamination of the air stream used to 

contamination. 

challenge the superinterception filters. 

2. Locating physical leaks which were detected by 
microbiological samplers. 

These problems were solved in the following manner: 

1. A system of nebulizing a given concentration of 
organisms (spores) suspended in nearby absolute 
methanol into a duct was developed which produced 
a consistent contamination level of 200,000 viable 
particles per min. 

2. A “roving probe” was developed which is attached 
to a Reyniers air sampler. This procedure permits 
sampling the entire face of the filter and relating 
position on the filter face to time, microbial count, 
and velocity. 

This study will result in a system of testing and evaluating 
filters that will permit more accurate evaluation of effi- 
ciency and reliability. Increased confidence in future 
selection and use will also result. 

A “velo.city profile” of superinterception filters which 
will indicate the homogeneity of the filter medium should 
be of importance to filter manufacturers. 

D. Microbiological Profile of Clean Room, 
J .  1. McDode 

Information on the levels of microbial contamination 
within industrial clean rooms is not presently available. 
Such information, however, is necessary to determine the 
assembly and/or testing environment for spacecraft hard- 
ware that must meet the space quarantine requirements. 
A study in this area is being conducted by Douglas Air- 
craft Company under contract to JPL. 

The study phase of this contract proceeded successfully, 
with no major problems or technical difficulties encoun- 
tered. At the end of August 1965, the Douglas Aircraft 
Company had completed the sampling program as 
follows: Six weeks of microbiological sampling in the 
Class I1 clean room (three sampling sites within the clean 
room and one samplicg Fite outside the clean room), the 
Class 111 clean room (one sampling site inside and one 
sampling site outside the clean room), and the Class IV 
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clean room (one sampling site inside and one sampling 
site outside the clean room). 

1. Air Sampling Studies 

a. Class ZZ clean room. The number of viable airborne 
particles ranged from 0.0 to 1.0 per cu ft of air (during 
lunch period when the room is empty) to 10.0 to 20.0 per 
cu ft of air (when the room is fully staffed and operated 
under “normal in-use” conditions). 

b. Class 111 and N clean rooms. The number of viable 
airborne particles ranged from 0.0 to 0.5 per cut f t  of air 
(during lunch) to 0.5 to 2.0 per cu f t  of air (when the 
room is fully staffed and operated under “normal in-use” 
conditions). 

2. Surface Sampling Studies: Settling Strips 

a. Class ZZ clean room. lo3 microorganisms (1000 to 
9999) were recovered per sq ft of surface over an exposure 
period of 1 to 10 weeks. 

b. Class ZZZ clean room. IO? microorganisms (100 to 
999) were recovered per sq ft of surface over an exposure 
period of 1 to 10 weeks. 

c. Class ZV clean room. The recovery figure was essen- 
tially the same as described for a Class I11 clean room. 

3. Other Studies 

The results obtained with other samplers and proce- 
dures (Elliott, AGI, Andersen, settling plates, and human 
handling experiments) have not been reviewed, tabulated, 
and compared in sufficient numbers for comment. The 
final report of this study is scheduled to be submitted 
by the contractor during October 1965. 

E. Sterile Assembly Techniques, J .  J .  McDode 

The sterile barrier concept is not a new or unique 
approach to the control of microbiological contamination. 
The field of gnotobiology has developed and centered 
around the maintenance of sterile environments behind 
microbiological barriers. The techniques of gnotobiology 
have been developed to a point where it is now possible 
to bring a germ-free male animal from one geographical 
area of the United States to another and successfully 
mate this male with a germ-free female of the same 
species, ultimately resulting in a germ-free animal colony. 
This example is cited to suggest application to a different 
situation: the development of equipment and techniques 
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for the assembly of spacecraft materials and parts into a 
sterile unit within the confines of a microbiological barrier. 
The resultant small sterile units might then be assembled 
into larger units, perhaps resulting in the production of 
sterile spacecraft hardware. Thus, heat-labile units might 
be produced by the sterile assembly of small component 
items that are heat stable. Or, perhaps, sterile components 
can be placed into a sterile spacecraft by means of sterile 
assembly techniques. Alternatively, field repair situations 
might be encountered wherein a malfunctioning part of 
a sterile spacecraft must be replaced by a sterile, opera- 
tionally functional replacement. Consideration of such 
operations can only be realized when it has been demon- 
strated that sterile assembly techniques are effective and 
reliable barriers against microorganisms. 

A recent JPL subcontract with the Lockheed Missiles 
and Space Company (LMSC) has shown that it is possible 
to assemble a small electronic unit in a glove box, using 
glove box techniques in atmospheres of sterile nitrogen, 
sterile air, or a gaseous mixture of 12% ethylene oxide 
and 88% Freon 12 (ETO-F12). In general, assembly takes 
about three times as long in the glove box when compared 
with assembly .on the bench. Hand soldering, dip solder- 
ing, staking, nut/bolt connections, and epoxy bonding 
and potting operations may be effectively accomplished 
in a 12% ethylene oxide, 88% Freon 12 gaseous mixture 
(ETO)  in sterile nitrogen or in sterile air. Occasional E T 0  
“skips” in decontamination were observed, with capaci- 
tors being the item most frequently involved in the “skips.” 
The final study report was received during March 1965. 
The study was satisfactorily and successfully completed 
by LMSC. 

Based on the results obtained by the contractor, it was 
decided to continue the evaluation of possible sterile 
assembly technique applications to spacecraft steriliza- 
tion. .Final results from the JPL/LMSC study were neces- 
sary for the cieveiopment of a request fur proposal io 
continue sterile assembly techniques. Completion of the 
task has provided this information. Emphasis will be 
placed on equipment development, actual use situations, 
and reliability of the barrier system to produce and main- 
tain a sterile environment and product. 

Assembly is to be conducted in a sterile environment 
established through use of a microbiological barrier sys- 
tem. Sterile assembly as well as sterile repair situations 
will be investigated. All operations will be conducted in 
a sterile environment (other than the ethylene oxide, 
Freon 12 mixture or sterile nitrogen). Emphasis will be 

placed on the microbiological aspects of getting tools and 
equipment into the sterile work area and removal of the 
sterile product in some type of protective envelope. The 
integrity of the barrier will be challenged both chemically 
(with Freon and/or helium gas) and microbiologically 
(with bacterial spores). All phases of the operation will be 
microbiologically monitored. 

F. Clean Room Prototype, 1 .1 .  McDade, W .  Paik, 
and M .  Christensen 

Preliminary reports on the microbiology of clean rooms 
have been published (Refs. 1 to 3). Yet, at present, data 
concerning levels of microbial contamination within in- 
dustrial clean rooms are scanty or totally lacking. Infor- 
mation on the levels of microbial contamination within 
spacecraft assembly areas is not available either. In order 
to obtain more definitive information on the microbiology 
of clean rooms, the JPL Sterilization Group initiated tasks 
to: (1) determine the microbiological profile of clean 
rooms,? and (2) develop a clean room prototype as an 
experimental laboratory in which microbiological research 
and training could be conducted (Ref. 4). 

The data obtained from the microbiological profile 
study of clean rooms will result in a firm estimate of the 
microbial contamination levels that exist in industrial 
clean rooms (Classes 11, 111, and IV, according to Ref. 4). 
However, the operational recommendations and require- 
ments established in the “NASA Interim Requirements” 
(Ref. 5) have necessitated an updating in design for space- 
craft assembly and test facilities. Therefore, in order to 
determine the efficacy of the specified procedures and 
to attain the allowable levels of microbial contamination 
as established in the ‘“AS4 Interim Fkquirements,” it 
was necessary to construct and operate a facility accord- 
ing to these requirements (Ref. 1). To provide such a 
facility, the JPL Sterilization Group task entitled “Clean 
Room Prototype” merged funds and objectives with the 
Voyager Project Office to estabiish an experimental asstmi- 
bly and sterilization laboratory (EASL) at JPL. 

Construction of the EASL facility began during Feb- 
ruary 1965 and was completed on July 1, 1965. The pur- 
pose of this facility is to conduct an investigation into 
some of the procedures and techniques for assembly 
and/or test of spacecraft hardware under full implemen- 
tation of the “NASA Interim Requirements.” Assembly 
and test will be at the component and modular levels. 

‘ JPL/Douglas Aircraft Co. Contract No. 950920: “hlicrobiological 
Profile of Clean Rooms.” 
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Simultaneously, a duplication of the work being done in 
the EASL facility shall be conducted under non-bioclean 
conditions or routine laboratory conditions and proce- 
dures. Scheduled microbiological assays of the hardware 
and assembly environment will be conducted throughout 
all operational states of both the bioclean and non- 
bioclean assemblies. The cost in time and money for both 
types of assembly will be compared, contrasted, and 
reported. Operational reliability of the assembled units 
will also be checked. 

The rationale of microbiological monitoring, assay, and 
certification has been discussed in JPL Specification 
GMO-50470-GEN (Ref. 6); the procedures to implement 
this specification are described in Ref. 7. 

The activities planned for the EASL facility by the 
JPL Sterilization Group include the following (items 
marked with asterisks are monitoring activities; all others 
are microbiological research studies): 

1. Microbiological assays and monitoring. * Microbio- 
logical monitoring routines shall be established and 
applied to demonstrate the reliability of the facility 
to conform to the requirements set forth in the 
“NASA Interim Requirements”standard. The follow- 
ing activities constitute the microbiological studies 
to be conducted in EASL: 

a. hlicrobiological sampling of air. 

b. Sampling of air for a total particulate count. 

c. Microbiological sampling of environmental sur- 
faces. 

d. Microbiological sampling of spacecraft hardware. 

e. M icrobiologicnl sampling of clothing and packag- 

f. Microbiological sampling of personnel. 

ing. 

2. Visual assay.* (See Refs. 6 and 7.) 

3. Parametric measurements.* (See Refs. 5 and 6.) 

4. Terminal heat sterilization.” 

a. Dry heat in: 

1) Nitrogen atmosphere. 
2) Dry air atmosphere. 

b. Supporting data required: Instrumentation of 
sterilization oven and hardware with themo- 
couples connected to a recorder. 

5. Microbiological research” 

a. Modification of old, or development of new, 
microbiological sampling equipment and/or pro- 
cedures. 
1) Air sampling. 
2) Surface sampling. 

b. Determination of the survival curves for surface- 
exposed microorganisms in laminar flow (horizon- 
tal and vertical) air streams. 
1) Naturally contaminated surfaces. 
2) Artificially contaminated surfaces. 

a) Fungal spores. 
b) Bacterial spores. 

(1) Members of the genus Bacillus. 
(2) Members of the genus Clostridium. 

c) Bacterial vegetative cells. 
(1) Staphylococcus aureus. 
( 2 )  Escherichia coli 
( 3 )  Proteus vulgaris. 
(4) Pseudomonas sp. 

d)  Viruses (bacteriophage), E .  coli T series. 

6. Evaluation of personnel attire on dissemination of 
microorganisms : ranges from fully clothed (bunny 
suit, facial mask, surgical gloves, booties) to no pro- 
tective clothing (street clothes). 

7. Evaluation of germicides for in-use application sit- 
uations. 
a. Facility decontamination. 
b. Decontamination of handled or dropped tools. 
c. Decontamination of handled or dropped hard- 

d. Any other situation requiring sterilization or de- 
ware. 

contamination. 

8. Microbial recovery from surfaces. 
a. Routine procedures. 

1) Contact methods. 
2) Direct plating. 
3) Rinse methods. 

b. Sonic removal: effect of sonic cleaning or micro- 
bial contamination of hardware, tools, other as- 
sembly items, and artificially contaminated 
surfaces. 

9. Recovery of microorganisms from hardware inte- 
riors. * 
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10. Other application situations as operational prob- 
lems are uncovered. Scheduling of these activities 
is presented in Fig. 1 and the following activity 
schedule: 

Activity Frequency 

Microbiological . . . . . Daily 

Visual assay . . . . . . . Daily 

Parametric measurements . . Daily 

Microbiological research . . Daily, or as 
operating schedule 
permits 

Currently, the EASL facility is scheduled to have a 
hardware assembly series for one month, followed by 
a 2- to 3-week evaluation of results and a preparation 
period for the next hardware assembly series. Monitoring 
activities will be conducted throughout all phases of 
EASL operation (including terminal stages of construc- 
tion and balance and checkout, as well as during actual 
operation by the Engineering Mechanics Division after 

REY N IERS 

ANDERSEN 

ALL -GLASS 
IMPINGERS 

SETTLING PLATES 
(SHORT TERM 
EXPOSURE) 

SETTLING STRIPS 
(LONG TERM 
EXPOSURE) 

HANDLING STRIPS 

phase-out of the facility group). Microbiological research 
activities will be conducted during the assembly phases 
of EASL operation as scheduling permits. Following 
completion of a hardware assembly series, and during 
evaluation and preparation of a new hardware assembly 
series, specific, detailed microbiological research activ- 
ities will be conducted. 

The materials and methods for implementing the mon- 
itoring activities have been described (Ref. 6 and 7). The 
technical implementation of the research activities is 
beyond the scope of this report. 

G. Microbial Certification of the Experimental 
Assembly and Sterilization Laboratory 
J .  McDade, W .  Paik, M .  Christensen, D. Drumrnond, 
and V .  Magisfrale 

The EASL microbiological support and research team 
has conducted a number of environmental sampling ac- 
tivities during June 1965. It is the purpose of this report 
to provide a summary of the results obtained during this 
sampling program and to provide the documentation 
necessary for microbiological certification of the EASL. 

I I 
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1. Microbial Requirements to be Met for Certification 
of the EASL Facility 

The microbiological requirements for bioclean facili- 
ties have been described elsewhere (Ref. 5). A recapitu- 
lation of these requirements is as follows: 

a. Level of airborne microbial contamination (Ref.  5). 
“The concentration of viable particles in the room air 
shall not exceed an average of 2 viable particles per 
cubic foot of bioclean room air for any 10 successive 
samples.” 

b. Level of total particle contamination (Ref. 8). “A 
Class 100 clean room shall contain no more than 100 par- 
ticles 0.5 microns and greater in diameter and no particles 
5.0 microns or greater in diameter.” 

c.  Level of microbial contamination on surfaces(Ref.5). 
“The degree of microbial contamination accumulating on 
surfaces shall not exceed an average of 200 viable par- 
ticles per square foot of surface.” 

1. Materials and Methods 

a. Culture media. Trypticase soy agar was used to 
collect all volumetric air samples. Sterile 1.0% peptone 
water was used to remove the microbial contamination 
deposited onto stainless-steel strips during environmen- 
tal exposure of the strips. Aliquots of this rinse fluid were 
plated on trypticase soy agar. All samples were incu- 
bated at 32°C for 72 hr. 

b. Microbiological sampling of air. Volumetric air sam- 
ples were collected with a Reyniers slit sampler. All 
samplers were equipped with a 1-hr clock motor. Each 
sampler was calibrated to operate at a sampling velocity 
of 1 cu ft of air per min. 

c. Total particle sampling. A Royco particle counter 
(Model 202) was used to obtain the number of total par- 
ticles per cu ft of intramural air. The machine was pro- 
grammed to sample on two of its fifteen individual 
channels (recording a count of particles 0.3 microns and 
larger in diameter on channel 1 and a count of particles 
0.5 microns and larger in diameter on channel 3). Scan 
rate was for a 10-min period at a sample collection 
velocity of 0.01 cu ft per min. 

d .  Microbial fallout sampling. Stainless steel strips 
1.0 X 3.0 X ca. 0.06 in. were used as microbial fallout 
sampling surfaces. For use, the strips were washed with 
nonionic detergent, rinsed with distilled water, rerinsed 
with isopropyl alcohol, and then terminally rinsed with 

ethyl ether and allowed to drain dry. The clean strips 
were arranged as a monolayer on sheets (ca. 10.5 X 
14.5 in.). Finally, an outer layer of aluminum foil was 
used to wrap each tray containing clean stainless-steel 
strips (35 strips per tray). Trays wrapped with aluminum 
foil were sterilized by exposure to dry heat (175°C for 
3.0 hr). Following sterilization and prior to use, five 
strips were removed from each tray and assayed as steril- 
ity control check items. 

e. Environmental exposure of the sterile stainless-steel 
strips. An aluminum- foil-wrapped tray was placed at 
each of the microbial fallout sampling sites shown in 
Fig. 2. At each site the aluminum foil was carefully 
removed from the tray, and, if necessary, the sterile 
strips were rearranged as a monolayer with sterile for- 
ceps. Trays were placed at work height, i.e., on a level 
comparable to the height at which hardware will be 
assembled. 

f. Procedure for assaying the number of viable particles 
contained on stainless-steel strips after environmental 
exposure. For each microbiological assay, five exposed 
stainless-steel strips were randomly selected from each 
of the microbial fallout sampling sites. Each strip to be 
assayed was placed into a separate, sterile bottle. A 
sterile screw cap was placed on each of the bottles. The 
strips were then taken to the sterilization laboratory for 
microbiological assay. To assay each set of five strips 
from their respective sampling sites, 25.0 ml of sterile 
1.0% peptone water was added to each bottle containing 
an environmentally exposed stainless-steel strip. Next, 
each bottle containing peptone water and stainless-steel 
strip was mechanically shaken for 5 min. After shaking, 
the samples in each series were processed as follows: 

1) The liquid content of the bottle was asceptically 
transferred into a sterile, 150-mm-diameter Petri plate; 
25 ml of sterile, double-strength Trypticase Soy agar was 
added to the strip rinse liquid, and the content of the 
petri plate was carefully and thoroughly mixed. After 
mixing, the plates were allowed to stand at room tem- 
perature until the agar solidified (ca. 15 min). 

2) All plates were incubated at 32°C for 72 hr. A pre- 
liminary count was made after 40 hr of incubation and 
a final count made after 72 hr of incubation at 32°C. 

2. Results 

a. Phase Z sampling. A general outline of the floor plan 
of the EASL is presented in ,Fig. 2, which shows a num- 
ber of microbial sampling sites where air and surface 
samples were collected. 
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Fig. 2. Location of microbiological sampling sites within the EASL (R: sampling site Reyniers slit sampler; 
SS: location of tray containing microbial fall-out sampling strips) 

The present study was conducted in two =hazes. 
Phase I sampling was done during the final stages of 
construction of the EASL. Strict personnel procedures 
for entrance, dress, and exit were not enforced (Ref. 5). 
During Phase I, the velocity of the vertical laminar air 
iiow was varied. During Phase iI, the End settirigs fsr 
air-flow velocity, temperature, relative humidity, and 
pressure were established for both the horizontal and 
vertical flow rooms. 

Microbial contamination accumulating on suTfaces. 
Sterility controls indicated that all of the stainless-steel 
test strips were sterile. Tables 1 through 3 present the 
results obtained from the microbial fallout sampling 
studies carried out during Phase I. A number of interest- 
ing observations may be made from the information 
presented in these tables. It may be seen that both the 
horizontal laminar air flow room (dressing room) and 

Table 1. Results of microbial fallout sampling 
studies in EASL 

Area sampled 

locker room 

Dressing room 

laminar flow work area 

Bioassay station 

Receiving/decontamination 
area 

Average number of viable aerobic 
merophiler recovered per 

sq ft  of surfacea 

6-hr exposure 

2323 

24 
(1219)b 

0 

14 

408 

72-hr exposure 

1092 

10 

10 

29 

600 

*Five stainless-steel strips assayed to farm average. 
" O n e  strip accidentally contaminated by workman i n  area. Dola from assay of 

this strip not included in assay. 
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Area sampled 

Average number of  viable aerobic 
mesophiles recovered per 

s q  f t  of  surface" 

Not done" 

0905-1305 

- - - 

300 0.05 0.03-0.07 

6-hr exposure 72-hr exposure 
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greatly to the surface contamination in the locker room 
and the dressing room. 

Table 2. Results of microbial fallout sampling 
studies in EASL 

Table 4. Results of microbiological sampling of 
air within the EASL 

I 6-hr exposure I 72-hr exposure Number of  viable 
Time I Volume of I particles per volume 

of  air samples 
sample air sampled, 

10560 

365 

29 

29 

2064 

1968 

182 

10 

19 

154 

Locker room 

Dressing room 

laminar flow work area 

Bioassay station 

Receiving /decontamination 
area 

Area sampled 

Locker room 

Dressing room 

Laminar flow 
work orea 

Bioassay 
station 

Receiving/ 
decantami- 
nation area 

collected cu f t  Average 
per cu f t  

Range 
per cu ft 

Not done" 

~~ ~~ ~ 

" Five rtoinless-steel str ips assayed to form average. 

Table 3. Results of microbial fallout sampling 
studies in EASL 

0900-1 300 300 0.07 0.03-0.1 5 

0850-1250 I 300 I 1.75 I 0.73-2.86 

.Vacuum system insuff icient to support five samplers. 
Area sampled 

Table 5. Results of microbiological sampling of air 
within EASL during a dioctylphthalate (DOPI 

smoke test (area sampled June 19, 1965) 
Locker room 

Dressing room 

laminar flow work area 

Bioassay station 

Receiving/decantamination 

area 

Not done 

Not done 

Not done 

Not done 

Not done 

58 

10 

0 

10 

855 

Number of viable 
particles per volume 

of air samples 
Volume of 

air sampled, 
cu f t  

Time 
sample 

collected 

Not done 

0940-1 440 
1440-1 450 
1450-1 505 
1505-1 540 

0945-1445 
1445-1 450 
1450-1 500 
1500-1545 

0950-1 450 
1450-1 505 
1505-1 550 

0955-1 055 
1055-1 155 
1 155-1 255 
1255-1 355 
1355-1 455 
1455-1 555 

Area sampled 

tacker room 

Dressing room 

laminar flow 
work area 

Bioassay 
station 

Receiving/ 
decontami- 
nation area 

Average 
per cu f t  

Range 
per cu f t  I u Five stainless-steel str ips arrayed to form average 

300 
10 
15" 
35 

300 
5 
10" 
4 9  

3 00 
15' 
45b 

60 
60 
60 
60 
60 
60 

the vertical laminar air flow rooms (laminar flow work 
area and bioassay station) had the lowest levels of 
microbial surface contamination. Furthermore, it would 
appear from the data in Tables 1 and 2 that the locker 
room had the highest level of surface contamination. 
During one of the sampling periods the horizontal lam- 
inar flow dressing room failed to meet specifications; 
Le., it exceeded a microbial surface contamination of 
200 microorganisms per sq ft of surface (Table 3).  These 
incrcwed levels of microbial Contamination may be at- 
tributed to an increase of personnel in the area during 
the dioctylphthalatc (DOP) "smoke test" demonstrations 
which wcw conducted within the vertical laminar flow 
work area. To witness these tests, spectators (in groups 
of 10 to 1S people) entered the dressing room through 
the locker room and viewed the smoke test through a 
window in the dressing room. This increased number of 
people, clad in street clothes, probably contributed 

0.003 
0.00 
2.67 
0.00 

0.003 
1 .oo 
6.70 
0.60 

0.00 
5.20 
0.00 

0.50 
0.60 
0.30 
0.23 
1.30 
1 .oo 

0.00-0.0 1 
0.00 
2.40-3.00 
0.00 

0.00-0.0 1 
0 .OO-5 .O 
6.40-7.00 
0.00-3,80 

0.00 
4.25-7.60 
0.00 

0.00-1 .BO 
0.00-2.40 
0.00-1 .oo 
0.00-1.60 
0.40-4.25 
0.20-2.40 

D. Laminar air f low off; room filled with DOP smoke. 

b Laminar air flow turned back on. 
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The last observation to be made from Tables 1 through 
3 concerns the degree of surface contamination attrib- 
utable to human handling of the surface sampling strips. 
Handling of a sample strip (Table 1) by a construction 
worker increased the average surface contamination per 
square foot approximately 50 times (24 to 1219 micro- 
organisms per sq ft). On another occasion, a complete 
sampling experiment was invalidated through several 
mishaps, such as construction tools being mislaid on 
trays of sampling strips. This point is mentioned to em- 
phasize that personnel education and application of facil- 
ity rules is essential to proper operation of the EASL. 
Had the accidents gone undetected, increased levels of 
microbial surface contamination would have been re- 
corded. The unexplained increased level of surface con- 
tamination might then have initiated corrective action 
resulting in an unnecessary delay of facility certification. 

Air sampling studies. Tables 4 and 5 present the results 
of microbiological sampling of air within the EASL. 
Table 4 indicates that the number of airborne viable 

- 24 
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a_ 
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( 

particles in a vertical laminar flow air stream is extremely 
low (ca. 0.05 viable particles per cu ft of air), consider- 
ably below the acceptable level of 2.0 viable particles 
per cu ft of intramural air (Ref. 5). Table 5 contains the 
air-sampling results obtained during a DOP smoke test. 
These results need little explanation. During the period 
when the laminar air flow was turned off (ca. 1450 to 
15051, the number of airborne viable particles increased 
sharply. However, when the laminar air flow was re- 
sumed, the number of airborne viable particles decreased 
and stayed at an apparently normal level that appears 
to be very low. The fluctuation of the number of airborne 
viable particles during another DOP smoke test is illus- 
trated in Fig. 3; the data is self-explanatory. Results such 
as these have been obtained in repeated samplings dur- 
ing other DOP smoke tests. 

b. Phase ZZ snmpling. Tables 6-8 contain the results 
obtained during the period when the final settings for 
facility air flow, temperature, pressure, and relative hu- 
midity were established. 

TIME A I R  SAMPLED 

Fig. 3. Air sampling studies within EASL during a “smoke test” 
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D.3-p-diameter 
and larger 

particles 

0 

0 

10 
Not scanned 

10 
10 

Table 6. Results of microbial fallout sampling studies in 
the EASL: final setting of facility air flow, temperature, 

pressure, and relative humidity (strips placed in 

0.5-pdiameter 
and larger 

particles 

0 

0 

Not scanned 
10 

Not scanned 
Not scanned 

Table 8. Results of total particulate sampling (Royco) of 
air within the EASL: final setting for facility air 

flow, temperature, pressure, and relative 
humidity (area sampled June 30, 19651 

locker roam 

Dressing room 

laminar flow 
work area 

Site 1 
Site 2 

EASL June 30, 1965) 

Average number of viable aerobic mesophiles 
recovered per sq ft of surface. 

Exposure 

0910-1510 

1 1  20-1 520 

0905-1 505 
091 0-1 510 

360 

240 

360 
360 

ime laminar flow work 
area sampled with 
Royco instrument 

0.92 

0.01 

0.006 
0.003 

Volume of 
mir sampled, 

cu ft 

Area sampled 

6-hi 24-hr 48-hr 

0.60 

0.50 

0.1 0 
0.1 0 
0.10 
0.1 0 

0.60 

0.60 

0.1 0 
0.10 

0.57 

092 1-1 02 1 

1021-1 1 I9 

1 1  19-1 129' 
1 129-1 139" 
1139-1149' 
1 149-1 159" 

1 1  59-1 259 

1259-1 359 

1359-1 409 
1409-1419 

141 9-1 51 3 

230 

10 

0 
0 

12 
(1 2,336)b 

0 

0 

locker room 

Dressing room 

laminar flow 
work area 

Site 1 
Site 2 
Site 3 

Bioassay station 

Receiving1 
decontadina- 
tion area 

1680 

19 

19 
10 
0 

0 

134 

4224 

10 

0 
0 
0 

0 

172 

0 0 

0 l o  
0 

Not scanned 

*Welding technician was in the room during this period. 
*Five stoinless-steel strips arrayed to form avorage. 

strip was accidentally touched by a worker. Count for this strip wos 12.336 
microorganisms per sq ft. Violated strip results not included in average. 

tamination within the laminar flow rooms remains well 
within the microbiological level necessary for certifica- 
tion. This also holds true for the air sampling study re- 
sults presented in Table 7. Table 8 contains results that 
indicate the intramural air of the EASL also meets speci- 
fications for a class 100 clean room (Ref. 8) during the 
sampling period. 

Table 7. Results of microbiological sampling of air within 
the EASL: final settings for facility air flow, tem- 

perature, pressure and relative humidity 
(area sampled June 30, 1965) 

Time 

collected 

3. Discussion 

From the results obtained, it is the technical judgment 
of the EASL cognizant microbiologist that under the test 
conditions the Ievels of microbial contamination within 
the EASL are below those considered acceptable for 
microbiological certification of a bioclean facility (Ref. 5). 
However, certain important conditions remain to be in- 
vestigated. The results obtained in this study represent 
data from a limited number of samples collected during a 
time when the test facility was not in normal operation. 
The influence of operating personnel on the levels of 
microbial contamination within EASL remains to be 
determined. Thus, the results contained in this report 
must be regarded as provisional and preliminary. For 
example, during the last series of samphngs (June 30 to 
July 6, 1965) the air-conditioning system was inoperative 
for several days (July 5-7, 1965). During this period, tem- 
perature within the facility reached the inoperable levels 
of 84 to 89"F, with comparable fluctuations in relative 

of air samples zir sampled, 

Range 
per cu ft 

0.00-9.00 

0.00-0.2 0 

0.00-0.01 
0.00-0.01 

0.0 0-0.0 3 

0.00-1.60 

Bioassay 091 5-1 51 5 

decontami- 
nation area 

~~ ~ 

The results shown in 

~~ 

:able 6 are similar those pre- 
viously discussed (Tables 13). When contamination from 
human handling is eliminated, the level of surface con- 
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humidity. The effects of environmental exposure on sur- 
face contamination have been thoroughly investigated 
(Refs. 9 through 15). The fluctuations of temperature and 
relative humidity within the EASL may have had some 
effect on the subsidence of surface contamination. At this 
point, such an observation can only be speculative and 
requires considerable study and documentation for con- 
firmation. In the absence of confirmative data, the facility 
should be regarded as operational, and the microbiologi- 
cal support and research work should be allowed to pro- 
ceed as rapidly as possible. 

Finally, the value of personnel training cannot be over- 
emphasized. The few mishaps noted in this study provide 
at least three conclusions: 

1. Handling of sterile objects by improperly dressed 
personnel can increase the levels of microbial con- 
tamination surfaces. 

2. The microbiological sampling techniques used in 
EASL appear to be fairly sensitive and reliable. 
When contamination is present the sampling tech- 
niques appear adequate to allow its detection. 

3. Proper operating procedures are necessary and re- 
quire a training program for proper implementation. 

4. Conclusions 

The preliminary results obtained in this study indicate 
that the EASL facility can be certified microbiologically 
as meeting the requirements imposed on any bioclean 
facility (Refs. 5 and 8). It must be emphasized that the 
EASL facility was unoccupied during a large portion of 
the study. The influence of operating personnel on the 
levels of microbial contamination within EASL remains 
to be determined. 
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ABSTRACTS 

Reed, L., "Ethylene Oxide Sterilization Studies," Space Programs Summary N O .  
37-22, Vol. IV, pp. 6-8, Jet Propulsion Laboratory, Pasadena, California, August 
31, 1963. 

Ethylene oxide vapors have been used in the terminal sterilization of the 
Ranger series of spacecraft; during tests of spacecraft components, occasional 
skips or nonsterile results have appeared. Under a contract with Dynamic Science 
Corporation of South Pasadena, California, JPL is conducting investigations 
which it is hoped will shed light on the causes of these skips. The present areas 
of investigation are: 

1. The effect of dust on ethylene oxide sterilization success and the resistance 
of isolated dust microorganisms. 

2. Specification of a satisfactory test organism for use with ethylene oxide. 

For the dust studies, floor dust from the JpL Spacecraft Assembly Facility was 
used. In Phase I of the study, the dust was evaluated physically, and with respect 
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to its microbiological population. In Phase 11, the resistance of dust samples was 
compared to the resistance of standard Bacillus subtilis, var. niger spores under 
various conditions of exposure. The conclusions of this study were as follows: 

1. Floor dust is more difficult to sterilize than pure culture of microorganisms. 

2. The skips which have appeared in ethylene oxide sterilization tests are due 
in large part to a highly variable and uncontrolled microbiological popula- 
tion in the dust. 

3. To increase the reliability of decontamination with ethylene oxide, exposure 
conditions must be as severe as can be tolerated. 

In view of the high resistance of floor dust to ethylene oxide sterilization, an 
experimental program was designed to isolate the most resistant microorganisms 
from the dust to determine: 

1. Whether the resistance of the microorganisms is dependent on the organisms 

2. If the former, whether one of these isolants would prove a more satisfactory 
test organism for ethylene oxide sterilization than the organisms presently 
in use. After evaluation, the most satisfactory organism appears to be a 
sample of Bacillus subtilis var. niger spores in diatomaceous earth obtained 
from the U.S. Army Biological Laboratories, Fort Detrick, hlaryland. These 
spores are most suitable because: 

a. They show a high level of resistance. 

b. Their colony pigmentation makes them easy to identify. 
c. They are relatively easy to maintain and reproduce. 

d. They germinate rapidly and at a high percentage level. 
e. A large body of information is available about the effect of various 

conditions of exposure to ethylene oxide on the viability of this organism. 

themselves or is a shielding effect of the dust. 

The floor dust isolants showed a much lower resistance to ethylene oxide in 
the pure culture state. 

Reed, L. L., “Sterilization Studies,” Space Programs Summary No.  37-24, Vol. IV, 
pp. 5-7, Jet Propulsion Laboratory, Pasadena, California, December 31, 1963. 

To demonstrate the reiiabiiity of a spacecrdu‘i sterilization 2j.‘c!c, re!iab!e 222- 

lytical techniques are necessary. Since the conditions of analysis are much 
different from previous sterility test conditions, considerable research is necessary 
in order to develop proper test techniques. The research task has been divided 
into four phases as follows: 

1. The testing of methods for the detection of small numbers of viable micro- 
organisms. This phase includes evaluation of various methods of micron- 
ization and disintegration of materials and evaluation of the possibilities of 
other detection mechanisms such as staining, electrophoresis, autoradiog- 
raphy, and electron-spin resonance. 

2. The further development of Phase 1 techniques to increase efficiency and 
to give quantitative reliability figures. 
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3. The demonstration of the applicability of the developed method or methods 

4. The documentation and evaluation of the reliability and efficiency of these 

to the assay and certification of spacecraft sterility. 

methods. 

In the microbiological literature, it is established that microorganisms exposed 
to the sterilizing influence of heat die at an approximately logarithmic rate; it is 
apparent, then, that if the number of microorganisms on a spacecraft or other 
body can be decreased, the sterilizing time can also be decreased. 

This line of reasoning indicates that assembly of hlars landing capsules or 
spacecraft in clean rooms may help to reduce the microbiological load and 
thereby relieve the burden on the terminal sterilization cycle. To evaluate the 
real benefits of clean room assembly of spacecraft, a program will be initiated to 
obtain a microbiological profile of present industrial clean rooms. 

With the realization that the present dry heat terminal sterilization cycle is a 
rigorous environment for spacecraft hardware, a feasibility study has been under- 
taken to determine whether some pretreatment might be applied to reduce the 
thermal resistance of bacterial spores, the most resistant life form with which we 
must deal. The present study will consist of a literature search and interviews 
of appropriate individuals to evaluate the desirability of further investigations 
in this area. 

0 Irons, A., “Development of a Biological Sterility Indicator for Dry Heat Ster- 
ilization,” Space Programs Summary No.  37-29, Vol. IV, pp. 7-8, Jet Propulsion 
Laboratory, Pasadena, California, October 31, 1964. 

This task calls for the development of a biological sterility test system for 
dry heat in accordance with certain specified constraints. In general, this will 
include the use of an organism sufficiently resistant to dry heat. the determina- 
tion of the proper substrate and carrier, the establishment of si1 W e n t  survival- 
kill data to indicate and guarantee an efficient sterilization cycle at the specified 
time and temperature, and the establishment of a reasonable form of the system 
for practical use. 

The Wilmot Castle Company, under contract to JPL, is attempting to develop 
a biological sterility indicator for a dry heat sterilization cycle of 135°C for 91 hr 
in an atmosphere of dry nitrogen. 

0 Irons, A., “Evaluation of hlicrobiological Filters for Liquids and Gases,” Space 
Programs Summary No. 37-29, Vol. IV, pp. 16-18, Jet Propulsion Laboratory, 
Pasadena, California, October 31, 1964. 

The assembly, test, sterilization, and launch of a sterile spacecraft will require 
filters of high microbiological efficiency. Filters will be required for air- 
conditioning systems, pressure equalization across the spacecraft biological 
barrier, and perhaps for gases and heat-labile liquids aboard the spacecraft. 
The Wilmot Castle Company, under JPL contract, is studying the microbiological 
efficiency and reliability of commercially available filters. Controlled challenge 
aerosols of known organisms will be used, and, if the filters are not 100% 
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efficient, an attempt will be made to determine the cause of failure. Details 
of the test procedure and failure analysis are discussed. 

0 McDade, J. J., “An Experimental Study of Sterile Assembly Techniques,” Space 
Programs Summary No. 37-29, VoZ. IV, pp. 13-16, Jet Propulsion Laboratory, 
Pasadena, California, October 31, 1964. 

The use of dry heat appears to be the method of choice for the terminal 
sterilization of a planetary landing spacecraft. However, at present, certain space- 
craft items cannot withstand the dry heat cycle without serious degradation in 
reliability. Therefore, if an entirely heat-stable spacecraft is not possible, reliable 
sterile assembly techniques must be developed and be ready for use to incor- 
porate heat-labile components into sterile spacecraft. 

The present study is being conducted by Lockheed Missiles and Space Cor- 
poration to evaluate the potential of obtaining a sterile electronic unit through 
use of a procedure in which each assembly step takes place in a glove box 
containing an ethylene oxide atmosphere. 

A small electronic module will be assembled in the glove box. The micro- 
biological efficiency of the assembly operation will be monitored and evaluated 
to assure that sterility is maintained. In addition, the operation itself will be 
studied to determine the quality of the product and requirements for special 
tools or devices and to assess the extra time required. Details of the procedures 
to be used are discussed. 

McDade, J. J., “The Microbiological Profile of Clean Rooms,” Space Programs 
Summary 37-29, VoZ. IV, pp. 8-13, Jet Propulsion Laboratory, Pasadena, Cali- 
fornia, October 31, 1964. 

The probability of obtaining a sterile spacecraft by any sterilization procedure 
is enhanced by keeping the initial microbial contamination to a minimum level. 
Reduced levels of microbial contamination may be obtained through proper 
erivironmcntal C O ~ : ~ G !  of the spacecraft assembly area during assembly and 
checkout. Such an environment can also afford the secondary benefit of improved 
reliability. 

At present, only a limited amount of data exists concerning the microbiological 
contamination of industriai ciean rooms. Therefore, a microbiobgica! samp!ing 
study was initiated to determine the levels of viable particulate contamination 
that exist within the different classes of clean rooms during various conditions of 
operation and activity. The nature of the study is explored and sampling tech- 
niques are discussed. 

0 McDade, J. J., “An Experimqntal Study of Sterile Assembly Techniques: Midterm 
Progress Review,” Space Programs Summary No. 37-31, Vol. IV, pp. 37-43, Jet 
Propulsion Laboratory, Pasadena, California, February 28, 1965. 

Work to date has been performed in a glove box in an ethylene oxideFreon 12 
gaseous environment. The glove box has been modified to provide a workable 
and efficient system. A toxicity problem has been detected with some of the items 
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subjected to sterility testing. From the tests conducted to date, both hand and 
dip soldering processes appear to be feasible in an E T 0  environment. However, on 
occasion, more than one dip was necessary to completely fill the tracks on printed 
circuit cards. Also, hand soldering in E T 0  must be done with a soldering iron 
having a sealed heating element to prevent failure of the iron. It should be noted 
that some of the items inoculated with spores of Bacillus szibtilis var. niger and 
processed as sterility check items were contaminated. An explanation was offered, 
and corrective action was taken; however, the efficiency of this corrective action 
remains to be determined. hlechanical operations (e.g., staking and nut and bolt 
connections), epoxy bonding, potting, and breadboard assembly also appear to 
be feasible in an E T 0  atmosphere. 

0 Reed, L. L., “h4icrobiological Analysis Techniques for Spacecraft Sterilization,” 
Space Programs Summary No.  37-32, Vol. IV, pp. 35-42, Jet Propulsion Labora- 
tory, Pasadena, California, April 30, 1965. 

h4ethods for the detection of small numbers of microorganisms have been 
investigated and evaluated. From the results, it is concluded that the most reli- 
able means of differentiating between viable and nonviable microorganisms is 
the use of the culturing (growth) technique. The physical methods (staining, 
electrophoresis, autoradiography, and electron spin resonance) did not reliably 
differentiate between viable and nonviable cells as required in sterility testing. 
In addition, they present numerous problems that make them impractical for 
general use. 

Of the four techniques studied for comminuting solid materials, it must be 
concluded that the drill technique gives the best recovery of viable cells. HOW- 
ever, the drill technique as used in this investigation still leaves much to be 
desired since maximum recovery is only at the 1% level. The reliability and 
applicability of this technique to a broader range of solid materials are to be 
evaluated. 

The data collected in this investigation indicate that there are several problem 
areas which must be resolved; therefore, continuing investigations to improve 
techniques for the recovery of viable cells from solids are required if practical 
and reliable sterility test procedures are to be developed to support certification 
of spacecraft sterility. 

McDade, J. J., Irons, A. S., and Magistrale, V. I., “A Microbiological Survey of 
Hughes Aircraft Company Facilities Involved in the Assembly and/or Testing 
of Surveyor Spacecraft,” Space Programs Summary No. 3732, Vol. IV, pp. 25-35, 
Jet Propulsion Laboratory, Pasadena, California, April 30, 1965. 

The study reported here represents an accelerated program initiated by JPL 
at the request of NASA to obtain an estimate of the levels of microbial contam- 
ination present within the HAC facilities involved in the assembly and/or testing 
of the Surveyor spacecraft. The requested information was obtained together 
with other information which should Serve as guidelines for future microbio- 
logical surveys. 
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Because of the urgent need for the results, a temporary lack of microbiological 
facilities at JPL, difficulties in transporting a large number of samples to the 
U.S. Public Health Service Field Station at Phoenix, Arizona, and personnel 
limitations, only a limited number of microbiological samples were collected. 
Therefore, the results obtained in this study must be regarded as preliminary 
information. Definite conclusions cannot be drawn from the data obtained. How- 
ever, a few general statements can be made concerning the surface-sampling 
phase of the study: 

1. The total number of viable aerobic mesophiles recoverable from test sur- 
faces appeared to stabilize and fall within the range of lo3 (1000 to 9999)/ft2 
of surface over the study period. 

2. The total number of viable aerobic spore-forming mesophiles recoverable 
from a limited number of the test surfaces appeared to stabilize and fall 
within the range of lo9 (100 to 999)/ft9 of surface over the study period. 

The number of airborne viable particles appeared to be dependent, at least in 
part, on the number of personnel and type of activity occurring within the area. 
However, no conclusions should be made from the very limited amount of air- 
sampling data obtained during this survey. 
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V. SPACE SCIENCES 

The Space Sciences Division supports the scientific 
aspects of the space exploration program and carries out 
independent work ranging from research and develop- 
ment through fabrication and testing. In the sterilization 
area, the Division is concerned with providing steriliz- 
able scientific instruments for planetary landing missions. 
Current programs include the development of instru- 
ments and associated sensors that can withstand sterili- 
zation and planetary landing environments. Significant 
results obtained during investigations are reported in 
this section; previously published findings are abstracted. 

A. Sterilizable Image Sensor, L.  R. Baker 

The purpose of this investigation is the development 
of an image sensor capable of withstanding gas and dry 
heat sterilization and the extremely high shock-levels 
expected during a Mars landing. 

The image sensor presently used in space photography 
is the vidicon, a rugged, reliable, fairly sensitive device 
that has been extensively used in commercial and indus- 
trial television for over fifteen years. Since commercial 
vidicohs were primarily used in stable environments, 
they were not required to withstand severe vibration, 
shock, or high temperatures. With the advent of the 
space program, vidicons used in space-borne experi- 
ments were required to survive vibrational launch en- 
vironments, and in some cases were required to survive 
heat sterilization. 

For programs which may land experiments on Mars, 
advances in vidicon design must be made to ensure the 
sensor’s surviving higher sterilization temperatures as 
well as landing impacts on the order of 3000 to 5000 
Earth g. 

To improve the vidicon to this extent, new concepts 
for electron gun and tube envelope design and new 
techniques of photoconductor and signal electrode appli- 
cation must be developed. The Radio Corporation of 
America Electron Tube Division at Lancaster, Pennsyl- 
vania, has contracted to develop a ruggedized, steriliz- 
able vidicon with the following characteristics: 

1. Electron gun using electrostatic focusing and 

2. Resolution comparable to commercial vidicons. 

deflection. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 

10. 

Sensitivity comparable to commercial vidicons. 

Operation in the slow-scan mode (image storage). 

Spectral response in the visible region. 

Dynamic range and signal-to-noise ratio compar- 
able to commercial vidicons. 

Low-power fiIament. 

Capable of surviving gas and dry heat sterilization. 

Capable of surviving launch environment shock and 
vibration. 

Capable of surviving k3o00-g terminal sawtooth 
with a 3-millisec rise time. 

The following problem areas in the development of the 

1. Photoconductors are essentially semiconductors and 
are therefore sensitive to heat. Storage at high tem- 
peratures can cause permanent damage to the crys- 
talline structure of the photoconductor or shifts in 
the operating characteristics. 

2. Photoconductors may become detached from the 
substrate under high-g impacts. Investigations in 
this area have not yet been carried out, but a po- 
tential problem is recognized. 

3. The present vidicon glass envelope cannot tolerate 
stresses which would be applied under high-g load- 
ing; to withstand high-g impacts, a new envelope 
material such as a ceramic must be employed. So 
far, vidicons have not been made with other than 
a glass envelope. 

4. Critical components such as the heater - cathode 
structure must undergo extensive design changes 
and rigorous testing to assure that electron gun 
components can withstand high-g impacts. 

above device are expected: 

At the conclusion of the program, the newly developed 
vidicon will be tested further to establish new design 
goals and fabrication techniques. An image sensor with 
the described features should perform satisfactoriIy on 
nearly any type of mission assignment. 

At this writing, the program has been underway at 
RCA for four months. The results thus far indicate that 
the photoconductor has the capability of surviving both 
heat and gas sterilization. 
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B. Sterilizable RF Crystals, 

The objective of the current program is to establish a 
source of supply for high-sensitivity radio frequency 
crystal detectors and high-performance crystal mixers for 
space applications. The crystals should be heat- and gas- 
sterilizable with demonstrated high reliability and suit- 
able for use in scientific instrumentation operating at 
wavelengths shorter than about 15 mm (frequency of 
20 Gc). 

F. T .  Barath 

Prime emphasis is on the development of RF mixer 
crystals. Mixer crystals, essentially devices to detect and 
measure microwave signals, are used in a variety of RF 
or microwave instruments such as radar and radiometric 
receivers. The crystals are frequency converters inas- 
much as incoming microwave energy is converted to a 
much lower frequency by heterodyning with a locally 
generated microwave source within the nonlinear crystal 
diode element. The output frequency or intermediate 
frequency (IF) is the difference between the signal fre- 
quency and the local oscillator frequency and is normally 
chosen to be low enough (in the megacycles) to be ampli- 
fied in conventional low-noise amplifiers. 

Secondary emphasis is on crystal detectors, straight 
square-low rectifiers that yield a DC signal proportional 
to the RF energy incident upon them. They are noisier 
than mixers but are often used in place of mixers when 
there is adequate signal strength or time for long inte- 
gration and when extreme system simplicity is essential 
(no local oscillator required). 

As both mixer and detector crystals are used on R.F/ 
microwave receivers associated with radars and radi- 
ometers, the types of spacecraft that would carry such 
instruments include capsules (radar altimeters, atmos- 
pheric constituent determination instruments) and or- 
biters and flybys (radar and passive microwave imagers, 
microwave spectrometers, and surface and subsurface 
temperature mappers). 

Detector and mixer crystal diodes have been important 
devices since the advent of radar in World War 11. 
Gradual improvements have been made in the noise 
figures of mixers and the minimum detectable signal of 
detectors. Concurrently, the reliability of both diodes has 
also been improved. 

TWO recent fabrication techniques indicate substantial 
improvements in noise figure, burnout, bandwidth and 
mechanical reliabilities for these diodes. The techniques 

consist of the use of epitaxial silicon layers and fused- 
glass pin-beads in coaxial diodes. The epitaxial silicon 
gives the designer increased control of the RC time con- 
stant of the junction, resulting in improved noise figure, 
burnout, and sensitivity of detector diodes. The glass 
pin-bead provides a marked improvement in mechanical 
reliability and bandwidth. 

The first detector and mixer crystals were made from 
highly doped silicon and a tungsten point. In England 
during World War 11, it was found that a heat treatment 
of 15 min or more at a temperature of approximately 
1OOO"C gave the silicon then used a substantially superior 
surface for the fabrication of a point-contact mixer. This 
improvement resulted from the formation of a relatively 
high-resistivity layer upon the low-resistivity substrate. 
Because the impurity distribution in this layer is deter- 
mined by the diffusion constants for the dopant involved, 
it is not possible to obtain the most desirable impurity 
distribution within the layer by means of this process. 
In 1960, a new processing technique suited to the pro- 
duction of thin, high-resistivity layers on low-resistivity 
substrates was discovered. This method, epitaxial growth, 
allows the designer to select layer thickness, doping pro- 
file, and layer doping. The designer then can determine 
the optimum layer characteristics for optimum noise 
figure or sensitivity at any given frequency. This improve- 
ment is greatest at frequencies above 10 Gc, where the 
sensitivity or noise figure of the diodes is limited by the 
RC time constant of the junction rather than by the 
rectification efficiency. The importance of the ability 
to optimize the material increases with an increase in 
frequency. 

High-temperature pin-beads for coaxial design diodes 
are a second design improvement incorporated in the cur- 
rent fabrication technique. Coaxial design diodes that 
employ a metallized ceramic pin-bead to withstand ster- 
ilization temperatures exhibit mediocre reliability and 
definitely constricted bandwidth. This is attributed to the 

mechanical reliability of ceramic metallizing in the re- 
quired shape. By employing a fused-glass pin-bead, 
which has a much lower dielectric constant and superior 
strength, the bandwidth as well as the mechanical 
strength of the diodes can be greatly improved. Because 
the glass can be melted into voids, it is easier to fabri- 
cate an undercut pin-bead with its improved bandwidth. 
The design has been proven in a series of diodes de- 
signed for operation above 15-mm wavelengths (20 Gc). 

1 G l a L ' v L . y  --1-+:-.,,1.7 h;mh .A'&" rl;alantvb. U I b L U - c I I u  cnnrtlnt u"-."...-.- ---- gnrl thP _--- rather -I----_ --.-_. inferior 

Present commercially available mixer and detector 
crystals for wavelengths down to about 3 cm (frequencies 
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Diode 

up to 10 Gc) are fabricated with the described tech- 
niques. They exhibit satisfactory electrical Characteristics 
and reliability and the capability of withstanding heat 
and gas sterilization as well as spacecraft environmental 
conditions. 

I F  Noise Noise Fre- Band- Conver- 

quency, width, sion loss, figure, impedance, 
Gc % db ohm 

db times at 
16 Gc 

However, as most if not all microwave instruments 
proposed for future spacecraft are to operate at wave- 
lengths shorter than 3 cm, a development program was 
initiated to obtain sterilizable crystals in shorter wave- 
lengths incorporating the advanced techniques used for 
longer-wavelength crystals. Three types of mixer crystals 
and two types of detector crystal diodes appear adequate 
to meet the foreseeable needs of potential instruments. 
The required electrical characteristics of the mixer diodes 
are presented in Table 1, and the detector diodes are 
listed in Table 2. The objectives of the development pro- 
gram are to fulfill these requirements as well as heat 
and gas sterilization, environmental, and reliability re- 
quirements. 

1 

2 

3 

The approach for the development of the five diodes 
listed in Tables 1 and 2 will consist of perfecting the 
following: 

Diode 1 
A diode with the same mechanical and physical di- 
mensions as the standard 1N 26 coaxial diode but 
designed for a center frequency of 22 Gc and with 
a glass pin-bead as well as epitaxial silicon. 

2 2  ? l o  6.5 1.3 8.8" 250 k50 

35  t10 6.5 1.4 9.0" 250 2 5 0  

75 10 10.0 3.0 15.3b 250 k 5 0  

Table 1. Mixer diode characteristics 

I 

'Calculated with the inclusion of a n  I F  amplifier noise figure of 1.5 db and 

"Calculated with the inclusion of an IF amplifier noise figure of 3.0 db and 
bandwidth of 100 Mc centered a t  60 MC.  

bandwidth of 10 Mc centered a t  1000 Mc. 

Table 2. Detector diode characteristics 

Video 

k ohms 

10 +-5 

90 150 10 1 5  

Diode impedance, 

58 

Diode 2 
A diode identical in outline to the standard 1N 53 
coaxial diode but also with a glass pin-bead. Upon 
completion of the electrical design, the optimum 
epitaxial silicon will be determined for minimum 
noise figure and maximum burnout resistance. 

A diode that will probably be a ridged, integral 
waveguide structure with the silicon element sealed 
with glass windows. 

Detector diodes similar in structure to (3) but 
tuned to the individual frequencies and with the 
appropriate impedance transformers. 

Diode 3 

Diode 4 

Diode 5 
There is the possibility of building a single structure 
with sufficiently wide characteristics to cover the 
frequency range of diodes 4 and 5 with minor 
adjustment. 

Commercial diode manufacturers have expressed con- 
siderable interest in this program as it presents the oppor- 
tunity of developing a technology for short-wavelength, 
high - performance, high - reliability RF crystal diodes. 
Such devices would have appreciable commercial value 
since the inferior-quality diodes presently used in the 
development and construction of R F  instrumentation 
affect the total design and result in reduced performance 
or increased complexity. 

A set of specifications for the development of the re- 
quired mixer and detector diodes has been generated, 
and a number of companies responded with detailed 
quotations. Some preliminary discussions were held with 
one of the potential vendors to better understand the 
state of the art. No further activity has been undertaken, 
however, and none is planned for the near future. It was 
determined that the application of these devices is rather 
remote (1973 or later) and that the available funds could 
be used to greater advantage in other areas of the steril- 
ization program. 

C. Sterilization of Atmospheric Insfruments, 
1. D. Bowman 

The evolution of gas chromatography into one of the 
most powerful analytical tools in chemistry makes it a 
prime contender for use on missions intended to investi- 
gate planetary composition. Briefly, a gas chromatograph 
(GC) is a device that separates a gas sample into its con- 
stituents by circulating the sample through a sorbent 
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such as a molecular sieve or silica gel. The time it takes 
each constituent gas to pass through the sorbent is pecu- 
liar to that particular gas and, hence, identifies it. The 
magnitude of response of the instrument to each detected 
gas serves as a measure of quantity of each constituent 
in the sample. 

Since gas chromatography can be used to analyze any 
material that can be converted into the stable gaseous 
state, it is ideally suited for both planetary atmospheric 
and surface analyses. As a surface analysis instrument, 
the gas chromatograph can obtain both geological and 
biological information. 

As the gas chromatograph will be used for planetary 
landings, it will have to be sterilizable and capable of 
surviving high-g impact. The development of a flight-type 
gas chromatograph has been directed toward perfecting 
the individual components so that they can withstand 
both the required sterilization and three mutually or- 
thogonal planes of impact at 10,000 g. 

Evaluation of the electronic components in the GC is 
being carried out primarily by the JPL Component Parts 
Qualification Group (Section 11). Preliminary investiga- 
tions indicate that tantalum and metallized mylar capaci- 
tors will need more extensive evaluation and possible 
development to assure that they meet the environmental 
requirements. Mylar capacitors, although considerably 
larger, are an acceptable electrical substitute for metal- 
lized mylar and are currently being used in the GC. The 
lower-mass capacitor is highly desirable for an impact- 
resistant instrument. No other electronic components 
appear to present unusual environmental problems. 

All mechanical GC components have to be speciallj- 
developed for a flight instrument because commercial 
components either do not exist or will not pass either 
high-g impact or sterilization tests. The primary problem 
has been to design components that will not leak after 
impact or during and after the heat sterilization cycie. 
Leaks in the GC gas-handling components can, of course, 
alter instrument performance, but, further, they could 
admit gases from the ethylene-oxide sterilization cycle 
which would contaminate the system. The fabrication of 
a new sample injection valve, carrier gas regulator, and 
cross-section ionization detector with special considera- 
tion to the leakage problem has been completed. In 
addition, Teflon-insulated hookup wire, coax, and high- 
temperature lacing cord have been used to fabricate the 
instrument cables. Teflon has also been substituted for 
other synthetic materials such as that used in the con- 
nector potting boot. 

The effects of heat sterilization on the H i  ionization 
source used in the detector have been the subject of a 
NASA-funded investigation by James Lovelock. His re- 
port indicates that although the source life is shortened 
at elevated temperatures, it would not be decreased 
appreciably during the heat sterilization cycle. 

Early in the development of the gas chromatograph it 
appeared that the dynamic capacitor would require par- 
ticular attention because of the expected effects of the 
heat cycle on the capacitor's contact potential. The capac- 
itor n7as developed to perform satisfactorily after sterili- 
zation by a manufacturer under contract to JPL. (The 
detailed procedure is discussed in the following section.) 

A prototype 3lars atmospheric gas chromatograpli has 
been fabricated. Upon completion it will receive the com- 
plete type-approval sterilization cycle. The design of the 
instrument, its development, and results of the tests will 
be reported at a later date. 

D. A Heat-Sterilizable Dynamic Capacitor, 
John R .  locke 

The dynamic capacitor is used as a modulator for 
carrier-type electrometer applications. It converts low- 
level direct currents (as low as IO-'-# amp) into a sinusoidal 
voltage at the vibrational frequency. The device has been 
developed during the past two years by the Kinelogic 
Corporation' under contract to JPL. During the past 
six months, Kinelogic's efforts have been directed at per- 
fecting the device so it could undergo heat sterilization 
without adverse effects. 

A similar device, but more than 10 times as heavy, 
W P ~  iired in the solar plasma analyzer flown aboard 
Alariiio. 11. The dynamic capacitor has many additional 
potential space applications such as in gas chromatog- 
raphy, mass spectroscopy, low-level nuclear dosimetry, 
ultraviolet and infrared measurements, and any other 
e x p ~ % ~ c t  requiriog the cppahility of measuring very 
small currents. 

In addition to flyby and orbiter uses, recent high-g 
impact testing indicates that the capacitor could be used 
aboard a hard-landing capsule. 

The conversion of a small direct current into a sinus- 
oidal voltage is accomplished by sinusoidally varying the 
separation distance between two parallel circular metal 
disks charged with the current being meastired. One of 
the disks is fixed in position and the other is supported 

'29 S. Pasadena Ave., Pasadena, Calif. 
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only at its center. The disk supported at its center is free 
to vibrate in its fundamental mode at its natural resonant 
frequency when electrostatically driven by a voltage of 
that frequency. The voltage is provided by a tracking 
oscillator. 

The dynamic capacitor can be characterized by six 
parameters : the natural resonant frequency, conversion 
efficiency, input impedance, output impedance, trans- 
ducer pickup voltage, and contact potential. 

The natural resonant frequency is determined by five 
factors: the mode constant (a constant dependent on the 
manner in which the vibrating disk is supported), the 
modulus of elasticity of the vibrating disk, the density of 
the disk, its thickness, and its effective radius. The fre- 
quency of the output voltage of the dynamic capacitor 
is that of the natural resonant frequency. 

The conversion efficiency is a measure of how effec- 
tively the dynamic capacitor can convert dc voltage at 
the input to ac voltage at the output. 

The input and output resistance and capacitance are, 
respectively, determined by insulation resistance and disk 
spacings. 

The pickup transducer voltage is a feedback voltage 
which is independent of the input signal to the dynamic 
capacitor. It is provided for the tracking oscillator that 
oscillates at the resonant frequency of the vibrating disk 
and provides the electrostatic drive voltage. The trans- 
ducer voltage is developed by utilizing the variable re- 
luctance path of the vibrating disk and a permanent 
magnet and by a coil to detect the changing magnetic flux. 

The final parameter, contact potential, is the result of 
dissimilarity of metals and can be depicted (for purposes 
of circuit analysis) as a virtual battery connected between 
ground and the vibrating disk. Although this voltage is 
typically less than 100 mv, its stability as observed at the 
electrometer output is of great importance in determining 
the lowest-level current a vibrating-reed electrometer can 
reliably measure. 

The six previously described parameters are all ther- 
mally sensitive. Changes of temperature cause expansion 
and contraction, thus affecting spacing, stress patterns, 
and geometry. For example, a change in the 1-mil spacing 
between the fixed and vibrating plates will change the 
input and output capacitances and conversion efficiency; 
a change in the stress on the vibrating-disk support can 

change the mode constant and thereby the resonant fre- 
quency. Changes in temperature affect the modulus of 
elasticity of the vibrating disk, the permeability of the 
magnetic path of the pickup voltage transducer, and the 
field strength of the permanent magnet. These areas, it 
was believed, might be adversely affected by heat sterili- 
zation. Testing performed by Kinelogic indicated this was 
not. the case. 

The contact potential, however, did present a problem. 
It was found that when the dynamic capacitor was heated, 
cooled, and then returned to its original temperature, the 
contact potential would assume a new magnitude. In 
conjunction with this, it has also been observed that a 
larger contact potential magnitude causes a correspond- 
ing increase in the thermal coefficient (AVJAT). In light 
of the earlier discussion regarding contact potential and 
its effect on the output voltage of the electrometer, this 
is an intolerable condition if the lower-level output volt- 
ages from the electrometer are to be meaningful. 

Kinelogic has completed its study of the contact poten- 
tial problem. Experimentation with an unsealed unit in 
a vacuum chamber indicates that Kinelogic has achieved 
a successful control procedure based on the following 
two basic considerations : 

1. Contact potential results because of difference in 
work functions when dissimilar metals are in contact. 

2. The work function of a metal is strongly influenced 
by its surface condition. 

To obtain a homogeneous surface, the disks and adja- 
cent assembly were given a gold finish. Kinelogic con- 
centrated on the development of controlled cleaning 
procedures, electrochemical gold plating, and thin-film 
vacuum gold deposition to achieve physical and chemical 
uniformity of the finish. 

It has been experimentally determined that one of the 
most important factors affecting the magnitude and sta- 
bility of contact potential is the degree of outgassing of 
the assembled dynamic capacitor. Contact potential mod- 
ification is attributable to the modification of the work 
function of the surfaces of the disks and adjacent assem- 
bly through gas adsorption. The quantity of adsorbed 
gas varies with the temperatures to which the dynamic 
capacitor is subjected, and the contact potential changes 
correspondingly. The outgassing procedure employed 
consists of heating the assembled unit to 140°C and 
pulling a continuous vacuum (maintained at less than 
1 micron of mercury) for a minimum of 50 hr. 
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An outline of the procedure used by Kinelogic for con- 
trolling the contact potential is as follows: 

1. Electrochemical plating. 

a. Ultrasonic cleaning. 

b. Vapor degreasing (using trichloroethylene). 
c. Electrocleaning (using Oakite 90). 

1) Emulsification. 
2) Electrotransport suspension. 

d. Water rinse (for removal of salts). 
1) Tap water. 
2) Deionized water. 

e. Acid dip (for removal of oxides). 

f. Nickel plate (gold will not plate directly on stain- 

g. Water rinse (removal of salts). 
less steel). 

1) Tap water. 
2) Deionized water. 

h. Gold plate (Orosene 999 plating solution). 

i. Tap water rinse. 

j. Dry with dry nitrogen. 

2. Vacuum deposition (performed immediately after 
gold plating). 
a. Desiccate (using phosphorous pentoxide). 

b. Ionic bombardment cleaning. 

c. Deposition by evaporation. 
1) Vacuum lower than 1 micron of mercury. 
2) 24-carat gold used. 

3. ,411 go!d-finished parts stored in a desiccator until 
assembly. 

4. Assembly; avoid direct handling of gold-finished 
parts. 

5. Post-assembiy. 

a. Evacuate for a minimum of 50 hr. 
1) Temperature: 140°C. 
2) Pressure: 1 micron of mercury or less. 

b. Vacuum tube sealed, 

E. Sterilizable Solid-State Memory System, 
R.  H. Nixon 

A sterilizable, solid-state memory system that will with- 
stand the high-g impact of hard landing is presently under 

development. The memory system will be part of the data 
automation equipment that processes the planetary sci- 
ence data prior to transmitting it to Earth. High-capacity 
memories without the hard-landing requirement are also 
under consideration, 

1. Design Criteria 

following: 
Criteria for a hard-landing capsule memory include the 

1. Meeting the environmental characteristics including 
sterilizability and shock. 

2. Low-power operation. 

3. Modest operating speed. 

4. Minimum weight. 

5. Very high reliability. 

2. Problem Areas 

Significant problem areas subject to survey, investiga- 
tion, and development are as follows: 

1. Selecting a memory element that can withstand ster- 
ilization and shock. 

2. Selecting a packaging scheme for this memory ele- 
ment. (Available packaging materials and techniques 
may strongly influence the selection of the memory 
element.) 

3. Designing reliable, low-power electronic circuits. 
(Most commercial and military memories have em- 
phasized high-speed operation to the detriment of 
low power consumption.) 

4. Developing a packaging techhnicpe for both thc 
memory element and the electronics, especially the 
technique for interconnections between the two. 
(Depending on the memory capacity, there may be 
hundreds of these connections; they represent the 
most significant potentiai source of faiiures.) 

5. Overcoming the general effects of the emphasis in 
commercial technology (and many satellite projects) 
on low cost and/or other factors detrimental to the 
necessary quality and reliability. 

3. Approach 

a. Suruey. To ascertain the state-of-the-art of memory 
development, an industry survey was undertaken. The 
development status of standard as well as new memory 
approaches was determined for a portion of the industry. 

61 



JPL TECHNICAL REPORT NO. 32-853 

The completed survey will include a study of memory 
systems that have been built specifically to withstand 
high-g shock and/or high-temperature environments. Al- 
though aside from the military there existed no general 
need for these design criteria, considerable information 
can be obtained from such sources as the Harry Diamond 
Fuse Laboratories and the Atomic Energy Commission, 
which have built impact-surviving systems. The JPL 
Packaging Section and the Slaterial Research Council of 
Canada, both provided with high-g impact facilities, are 
considered to be soiirces of information, and it is planned 
to cooperate with these agencies and any others similarly 
engaged to gain insight and to avoid obvious pitfalls. 

b. Investigation of design trade-08s. The requirements 
for data and electrical organization (random-access, serial 
first-in, first-out, etc.) are presently under discussion with 
systems engineering personnel. System trade-off factors 
that involve buffers or memories include weight, power, 
and reliability. With a selected memory organization and 
more than one memory element packageable to withstand 
shock and sterilization available, the final selection of the 
memory element must include suitable trade-offs with 
and between the following factors: 

1. Complexity of the required electronics. 

2. Reliability of the interconnections between the mem- 
ory element and the electronics. 

The data capacity of the memory will also affect the 
trade-08s; thus, small and large memories may conceiv- 
ably benefit from diffcrcnt technologies. The omission of 
the high-g impact requirement coiild also affect the choice. 

c. Hardware incestigations b y  JPL. Samples of several 
memory elements are being evaluated by JPL; contracted 
assistance will be sought where warranted. Suitable pack- 
aging materials are being investigated for their mechan- 
ical, electrical, and chemical suitability, and packaging 
techniques will be developed in coordination with the 
JPL Advanced Packaging Group. I n  particular a detailed 
study of all possible memory-electronics interconnection 
techniques will be carried out. 

Rcaliahlc lo\v-1~o\wr circuits must bc drvcloped, and 
fcasi1)ility studies arc in proccss in ortlcr to slipport the 
devclopincwt of packaging and interconncction tcch- 
niqiies. Sonic> work lias already hcen accomplished in 
this field (including a previous JPI,-sponsord study con- 
tract); flirther contracted assistance will probably be 
sought. 

d .  Full flight-model prototype. Fabrication of a full 
flight prototype is pending the completion of present 
development work and is contemplated for F Y  1967. 

F .  Sterilizable Solid-State Radiation Detectors, 
R .  A .  Wengert 

Sterilizable, ruggedized, and highly reliable solid-state 
radiation detectors for use in the detection and measure- 
ment of alpha particles and protons and for counting 
beta particles are being developed. These detectors may 
find application in biological instrumentation, in instru- 
ments used in the study of trapped radiation belts and 
the distribution of ionizing radiation in the atmosphere, 
and in the determination of specific elements of planet- 
ary atmospheres. 

Possible application of these detectors is for instruments 
in the payloads of planet-orbiting and/or soft-landing 
spacecraft. Further testing, however, may prove them 
usable on hard-landing vehicles. 

Four types of detectors are included in this program; 
the processing has been developed to the point where 
the resulting detectors are sterilizable, but work remains 
to be done to improve their characteristic behavior fol- 
lowing the environmental testing. 

1. Problem Areas 

The following problem areas were encountered during 
devcllopment : 

1. Bonding of the signal lead to the silicone wafer. 

2. Detector signal degradation as a result of heat 
sterilization. 

3. Mechanical degradation caused by gas 
decontamin a t’  ion. 

4. \letal-to-metal surface contact resistance. 

2. Discussion of Problems and Solutions 

The following procedures were implemented to solve 
problems encountered: 

1. A signal lead must \IC brought from the active area 
of the detector for use in thc c>lrctronic circuitry. 
An attempt to accomplish this by bonding a 1-mil 
gold \{ire to the detcctor facc with a silver doped 
epoxy resulted in a very noisy contact after heat 
sterilization. Another attempt to bond the wire, 
this time by ultrasonic means, was unsuccessful. 
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The problem was successfully solved by depositing 
a protective insulating epoxy ring on the detector 
front surface and evaporating a thin gold layer over 
it, establishing contact with the active area and a 
spring contact between the gold layer and the signal 
lead. This arrangement successfully passed all may extend their use to hard-landing vehicles. 
sterilization and environmental tests. 

Crystals that satisfy the sterilization and environmental 
requirements have been designed and tested and are 
suitable for application in instrumentation which may be 
included in the payload of planet-orbiting or soft-landing 
spacecraft. Further testing and/or improved packaging 

2. All sterilization and environmental testing was sub- 
contracted to a testing laboratory. After the first 
cycle of heat sterilization, the detectors were ob- 
served to have a black material deposited on 30% 
of their surface area, and had suffered a 60% in- 
crease in leakage current and a 10% degradation 
in resolution. The trouble was traced to contaminat- 
ing materials in the oven. When the detectors were 
cleaned and retested in clean ovens, no degradation 
was encountered. 

3. When the detectors using various contact bonding 
epoxies were subjected to gas decontamination, the 
material became soft and suffered mechanical de- 
formation. The problem was solved after a thorough 
study of the various epoxy materials A mixture of 
Armstrong epoxy C-7 and activator W in a 70-to-30 
ratio proved satisfactory for this application. 

4. The detector assembly contains a number of metal- 

Initial testing was performed with thallium-activated 
sodium iodide and cesium iodide crystals. Early in the 
program it was decided to concentrate on the NaI(T1) 
crystal because of its much better pulse-height resolution. 
Although this crystal is more fragile than CeI(T1) and is 
very susceptible to water vapor, it was believed that 
proper packaging could overcome these problems and 
allow taking advantage of the better resolution of 
NaI( Tl). 

1. Problem Areas 

The following problems were encountered during the 
performance of this task: 

1. Coupling of an exit window, both mechanically and 
optically, to the crystal package. 

2. Crystal fracture during both dry heat sterilization 
and environmental testing. 

to-metal surface contacts used to transmit the de- 
tector signal to the output connector. It is believed 2. Discussion of Problems and Solutions 

that proper surface plating will reduce the contact 
resistance and eliminate measurement changes in- 
troduced when the detector is subjected to the 
environmental testing. 

This task is being performed by the Special Products 
Division of the Technical Measurement Corporation, San 
Mateo, California, under contract to JPL. The principal 
investigator is Mr. Louis Wang. 

G. Sterilizuble Inorganic Scintillation Crystals, 
R .  A. Wengert 

A current task consists of the development of inorganic 
scintillation crystals which will be unaffected by both 
heat sterilization and gas decontamination, ruggedized to 
withstand environmental requirements, and highly reli- 
able. The crystals will be suitable for application in 
determining planetary surface composition (by neutron 
activation experiments) and specific elements in planet- 
ary atmospheres and in gamma ray detection and 
spectroscopy. 

Commercially available crystal packages contain the 
crystals in an aluminum housing with a glass exit win- 
dow. For maximum transfer of light to the Sensor being 
used, an optical coupling material is placed between the 
crystal and the glass window. All coupling material used 
intrcduced signal degradation as a result of heat steril- 
ization. An Epon cement changed to a yellow color and 
caused crystal fracture. A silicon vacuum grease turned 
brown and caused loss of the crystal-window interface. 
Further testing used a dry coupling and resulted in a 
siight degradation but much mure preclictabk character- 
istics than when coupling material was used. When the 
environmental requirements were considered, maintain- 
ing the glass window in position and in good condition 
became a problem. To protect the fragile crystals, the 
entire package was potted with RTV615. Because of the 
good optical characteristics of the potting material, the 
final configuration, as now envisioned, will not have a 
glass window. 

Initial testing before and after heat sterilization indi- 
cated that the crystal characteristics did not deteriorate 
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as a result of temperature cycling if the crystal did not 
fracture. A number of crystals, however, did crack, and 
investigation revealed that the effect of thermal shock 
was more evident in units having internal stress and 
crystal multiplicity. This was also evident during environ- 
mental testing in that units with internal stress fractured 
during testing. Proper inspection, selection of single 
crystals, and improved packaging have eliminated this 
problem. Initial heat sterilization testing of bare crystals 
produced the requirement that the 145°C temperature 
be applied and removed at a rate no greater than 25°C 
per hr. Because of the heat-transfer lag introduced by 
the RTG615 potting compound previously discussed, the 
reduced rate of heat application is no longer required. 

3. Further Investigations 

Although major program emphasis was placed on the 
improvement of available and proven crystal types, addi- 
tional work is also being performed on others. Europium- 
activated calcium iodide crystals are being grown in an 
attempt to produce sterilizable crystals with more favor- 
abIe characteristics than those of NaI(T1) developed 
during this task. Since this phase has only been started 
recently, no result can be reported at this time. If steril- 
izable, however, these crystals may be expected to have 
pulse heights 150 to 200% better than NaI(T1) and cor- 
respondingly improved energy resolution characteristics. 

This task is being performed by Isomet Corporation' 
under contract to JPL. The principal investigator is Dr. 
Warren Ruderman. 

H. Sterilizable Geiger-Muller Counter Tubes, 
R. A .  Wengert 

Heat- and gas-sterilizable, ruggedized, and highly re- 
liable Geiger-Muller tubes are under development. The 
tubes are of two types: thin sidewall and mica end win- 
dow. Possible application of these detectors includes 
their use in biological instrumentation and in instrumcmts 
used to study possible trapped radiation belts and the 
distribution of ionizing radiation in the atmosphcres of 
other planets. The detectors as presently designed and 
tested may find application in soft-landing capsules and 
planet-orbiting spacecraft. ,Further testing may prove 
them usable aboard hard-landing vehicles. 

'Palisades Park, N. J. 

1. Problem Areas 

The following problems were encountered during the 
performance of this task: 

1. Leaks developed in the stainless-steel sidewall of 
the thin-wall detector tubes. 

2.  The relative plateau slope for both tube types had 
a relatively high value. 

3. The mica end window incurred damage during gas 
decontamination. 

4. The test data exhibited poor reproducibility. 

5. The tube operating characteristics drifted. 

2. Discussion of Problems and Solutions 

The thin-wall tubes are made of stainless-steel tubing 
machined to an effective wall thickness of 30 mg/cm2. 
Following machining and cleaning, the tubes are tested 
with a mass spectrometer to detect any leak through the 
wall material. The first group made showed an unusually 
high number of rejected parts. A microscopic inspection 
detected flaws in the tubing material which when ma- 
chined could develop into pinholes and cracks. This 
problem was easily solved by finding another source of 
the material and cioser incoming inspection. 

Commercial tubes, similar in most respects to the de- 
sired types, have relative plateau s!opes considerably 
greater than the 5% specified. The nominal value for the 
relative plateau slope of the commercially available thin- 
wall tube is 10% per 100 volts and 90% per 100 volts 
for the end-window tube. To accomplish improvement 
of this characteristic, the following investigations and 
modifications were made. 

The standard version of the thin-sidewall tube did not 
maintain the anode under tension but held firmly only 
at one end while the other end was centered by  being 
retained in a rather loose-fitting boss. It was deterrnincld 
that the value of slope could be best improved by  better 
centering of the anode, thereby maintaining a uniform 
field along its length, and by holding it more rigid to 
eliminate sag or deformation caused b y  the required 
environmental testing. This improvement was made by 
designing a new retaining member for the far end of the 
tube that would better center the anode and permit it 
to be held under tension. This modification improved the 
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value of the slope to an average of 7.5%-still short of 
the desired 5%. 

with an open area of 80%. There appears to be no detec- 
tion degradation in either case. 

The end-window tube first selected satisfied all re- 
quirements with the exception of the plateau slope, 
which was 20% per 100 volts. Because of the end win- 
dow, the anode was cantilevered and was not firmly held 
in a centered position or in tension. The first attempt at 
improvement consisted of using a slightly larger tube 
with a supported ceramic sleeve to hold the anode in a 
centered position. The attempt was unsuccessful because 
the anode wire was distorted during environmental test- 
ing, and the larger tube was abandoned. The problem 
was solved when a heavier anode was used in a tube 
similar in size to the first one selected. The average value 
of relative plateau slope for tubes of the final configura- 
tion is 3.5% per 100 volts, surpassing the desired goal. 

After gas decontamination of the end-window tubes, 
it was discovered that a number of tubes failed because 
the mica windows were damaged during the pumping 
out of the gas sterilizer. At this time, the pressure on the 
outside surface of the window is less than that on the 
inside, and the resulting outward force fractures the 
mica. This problem was solved by adding a stainless- 
steel reinforcing strongback over the window. Two de- 
signs were fabricated and successfully used on experi- 
mental tubes. The first was a mesh design resulting in an 
open area of 51% ; the second consisted of two crossbars 

In the early phase of the program, testing to determine 
the plateau points used a counting rate of 100 counts per 
sec during a 1-min period. It was found that because of 
the random nature of the radiation from the source, the 
desired repeatability could not be obtained, Statistical 
analysis indicated that in order to measure true tube 
changes the testing should be performed for 3-min inter- 
vals. This change was initiated, and as a result any 
change in the measured values indicates a true change 
in the tube characteristic. 

The problem of the drift of tube operating character- 
istics is still unsolved. The change was attributed to the 
chemical reaction between the filling gas mixture and 
the stainless-steel base material of the cathode. To avoid 
this reaction, the cathode surface was plated with a 
metallic material which does not react with the gas. 
However, the problem was not alleviated, and it is pos- 
sible that the plating may sometimes be porous and 
therefore penetrated by the gas mixture. Improved 
plating techniques are being investigated to solve this 
problem. 

This task is being performed by the EON Corporation, 
Brooklyn, New York, with Dr. Gustav Weinberg as prin- 
cipal investigator. 
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VI. TELECOMMU NlCATlONS 

The Telecommunications Division is responsible for 
the research, development, and support of radio tracking, 
radio communications, and interstation data transfer for 
all JPL programs. Further Division responsibility includes 
supplying space-borne elements and associated ground 
support equipment as required to meet the tracking, 
telemetry, and command needs of the various Laboratory 
programs, with the exception of special data handling 
equipment peculiar to space science instrumentation and 
computers peculiar to guidance and control functions. 

Additionally, tracking and telemetering data is pro- 
vided as required at the ground stations and for post- 
flight tracking and telemetering data in reduced form as 
needed at the Laboratory. 

The Division is also responsible for the Deep Space 
Instrumentation Facility, the technical communications 
net, ground support equipment associated with space- 
craft communications, and those technical aspects of 
missile-range radio instrumentation which affect Labora- 
tory programs. 

To implement the sterilization requirement, the Divi- 
sion is engaged in research and development work on 
those elements of space-borne communication instrumen- 
tation which use nonstandard component parts. The ster- 
ilization development program is presently applied to 
tape recorders and pressure transducers. 

A. A Sterilizable Magnetic Tape Recorder, 
A .  R .  Lowe 

The sterilization of magnetic tape recorders to be used 
for data storage on planetary missions has been investi- 
gated. In addition to the regular environmental require- 
ments-vibration, RF interference, and magnetic field- 
spacecraft-mounted tape recorders will be required to 
withstand 24 hr of 135( +4, -0)OC in inert atmosphere 
for flight acceptance; prototypes will be required to with- 
stand three 36-hr cycles at 145+2"C for type approval. 
An additional requirement consists of soaking the instru- 
ment in ail ethylene oxide atmosphere at 35% HH and at 
40°C for 23 hr. This proc'rss is considcwd a decontamina- 
tion rather than a chemical sterilimtion and is less reliable 
than heat stcrilimtion. However, i n  the case of the tape 
transport, it is simpler to implement than heat steriliza- 
tion, as a sealed pressurized box is used; the only c'oncern 
is the possibility of sealing material degeneration under 

the specified condition. No degeneration occurred in the 
Parker Gask-0-Seal made of DuPont Viton rubber; nor 
was there any evidence of ethylene oxide inside the box 
or a significant increase of leak rate after the decontam- 
ination tests. 

The major portion of the effort was carried out at the 
Raymond Engineering Laboratory, Connecticut. Fabri- 
cation of a heat-sterilizable transport was begun by sep- 
arately testing and, when necessary, developing individual 
components such as motors and bearings with a view 
toward later assembly and unit testing. 

The transport plate was one of the first components to 
be considered. Despite expansion due to heating, a cer- 
tain amount of plate warpage is not considered serious. 
The plate flattens again after the heat cycles, and plate- 
mounted parts are realigned. Since the motors, idler, and 
capstan shafts are all perpendicular to the plate, the only 
effect of plate warpage is a varying of the spacing. When 
this deformation is combined with the effects of the ther- 
mal coefficient of expansion of the belt material, however, 
a net change in belt tension will take place. It is hoped 
that this change will not exceed the elastic limit. In the 
case of the Mariner C sterilizable tape recorder (Fig. l) ,  
the plate is made of AZ3lB magnesium and the drive and 
reduction belts are made of DuPont polyimide film (the 
so-called "H-film"). The coefficient of expansion for mag- 
nesium is greater than that for H-film; for example, as 
the length of the drive belt was twice that of the pulley 
centerline distance, thermal changes were very nearly 
cancelled out. This was not true for the reduction belts, 
and,as a consequence, loss of tension of from 15 to 25% 
had occurred and was compensated for by presetting 
these tensions to the high side of their original tolerances. 

Aside from the sterilization requirements, the problem 
of size and tolerance of bearings required for this appli- 
cation is complicated. The approach to this problem con- 
sisted of measuring the run-out and coast-down time of 
all of the rotating components of the hfariner C recorder, 
running them through the heat cycles, and repeating the 
measurements with a disassembly inspection. In most 
cases, changes were insignificant. However, one of the 
six assemblies so tested, a capstan, had a run-out increased 
by a factor of 12, and a coast-down increased by a factor 
of 2. This assembly (Fig. 2)  was investigated to determine 
the cause of failure. The excess run-out was apparently 
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FRONT VIEW REAR VIEW 
Fig. 1. Mariner C tape transport 

caused by a relaxation of the preload as well as by cer- 
tain borderline tolerances which compounded into nega- 
tive results such as surface flatness, parallelism, and 
length of separators. Another possibility is that this cap- 
stan was of material from a lot having a different heat- 
treatment history from that used for capstans that  
exhibited no problems. The faulty capstan was reworked, 
resterilized, and used again. This process was also em- 
ployed with other items by subjecting them to an envi- 
ronment dightly in excess of the required one and 
reworking them to correct any shifts. 

In the ca\e of the record and reproduce motors, the 
laminations were spray-varnished, assembled, bored, 
“fluidized” jvith an epoxy compound, and baked for sev- 
eral cycles, the most extreme of which was 185°C for 
3 hr. h y  volatiles from the varnish or Hysol used to 
cement the laminations were thus driven off by the fluid- 
izing process, and the stack was good for continuous duty 
at 170°C. 

Fig. 2. Upstream capstan 
These motors were designed by H. C. Rotors, Kew 

Gardens, N. Y., and produced by Raymond Engineering 
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Laboratory; they are quite efficient for their size-about 
25 to 30% -and quite stable. The sterilization cycles had 
very little effect on them. The only changes that occurred 
were on the order of a 10% reduction in stall torque at 
-10°C in the playback motor and an increase in both 
synchronization and stall torque of the record motor (at 
room temperature) of the same order of magnitude. Slight 
changes were also noted in the bearing running torque, 
but they were not considered significant. In general, bear- 
ing torque tests are not repeatable to within *lo%, and 
greater reliance is placed on life tests. The tested motor 
bearings are still in operating condition. 
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Magnetic tape heads presented the most troublesome 
problems to be solved. The first heads, produced by 
Applied Magnetics Corporation (AMC), Goleta, Calif., 
were made on the basis of substitution of high-curing- 
temperature (400°F) bonding materials such as Union 
Carbide R-610 silicone varnish and others. Although these 
heads-there were three of them-survived initial ster- 
ilizations at AMC, they had not been mounted nor had 
tape pressure been applied against them. They all failed 
eventually after being mounted on the transport. At this 
point, consideration of possible failure mechanisms led 
to speculation that temperature coefficients had to be 
matched, and possibly a head design peculiar to this 
application would have to be employed (such as the 
inclusion of a retaining spring to force the pole pieces to 
return to their original position after reduction to ambient 
temperature). 
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Compatibility of thermal expansion coefficients was 
obtained by fabricating molds of RTV rubber, laying a 
strip of metal in the bottom, and pouring an epoxy over 
it. After cure, the end of the strip of metal and epoxy was 
clamped and the relative curl vs temperature was mea- 
sured by means of a set of rulings in millimeters placed 
at the other end of the strip. Figure 3 shows two excel- 
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lent results, exemplified by the minimum amount of slope. 
Figure 4 shows two curves of greater slope that, in addi- 
tion, show a change in slope m each curve reflecting an 
undesirable characteristic. An indication of relative peel 
strength may also be obtained from this type of testing. 

The aforementioned spring arrangement was unsatis- 
factory and did not solve the common problem of pole 
piece “stepping.” While the main problem in heat ster- 
ilization of the head is that of gap opening, slight 
asymmetries in head construction lead also to terminal 
misalignment of the pole pieces in the plane of the tape. 
So far, the most adequate approach to this problem is 
care in assembly. The best set of heads sterilized to date 
still had a small step of about 20 microinches, which was 
burnished away after sterilization. The technique used 
with this set, and three other more or less successful 
ones, consists of filling the back volume of the head with 
a “poor match” epoxy so that as expansion takes place, 
the back gap tends to open, forcing the front gap to close, 
with a fulcrum being formed in the vicinity of the assem- 
bly screws. The position and expansion coefficient of 
these screws also becomes important. Earlier assemblies 
used two screws, one in each core half; later assemblies 
use one screw per head, so that one core half is more or 
less “floating.” In addition, the overall fill for the volume 
between the core and shell is now a relatively resilient 
rubber, rather than epoxy, so that some of the forces may 
be absorbed. 

At this point, it appears that design technique may be 
more important than actual coefficient “matching.” Four 
sets of heads (each set containing one record and one 
reproduce head) have passed the 108-hr tests, all using 
different shell materials: aluminum, aluminum-bronze, 
KR monel, and brass. Of these, the aluminum head ap- 
peared to be the most successful and was mounted on the 

Fig. 4. Thermal expansion coefficients 
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transport for the overall sterilization tests. This head per- 
formed well functionally after an additional 108 hr at 
145°C (total of 6 heat cycles); however, visual examina- 
tion then revealed that loosening of a slight amount of 
potting compound was evident, and a segment or splinter 
had formed at one side of track 2, which could have been 
serious had it formed in the track path. The heads were 
bright, with no sign of seepage of interlamination adhe- 
sive and no head-to-tape stickiness. High-power micro- 
scopic examination has not yet been made, 

Mariner C (Mars mission) type approval of 80°C (later 
downgraded to 75°C) had caused some concern over mylar 
belts and magnetic tape, since their survival is marginal 
at these temperatures. During the Mariner C tape recorder 
development, JPL personnel tried to obtain and use 
H-film as a substitute for mylar in these applications. 
Because of limited time before the launch date, the 
effort was abandoned, and development was completed 
with the polyester (mylar) material. During the steriliza- 
tion project, however, there was time to pursue the use 
of polyimide (H-film) for belts and tape. To begin with, 
some comparisons were made at the sterilization (type 
approval) temperature, and it was found that (at zero 
tension) a mylar belt shrank over 5 % ,  while an H-film 
belt had negligible dimensional change. For the H-film 
belt, tensile modulus was degraded by 2.5%. The mylar 
belt tensile modulus was degraded by 18%, and this belt 
tried to revert back to its original flat shape. It was also 
found that if the belts were mounted and under tension, 
the mylar belt lost as much as 61.5% of its initial tension, 
while the H-film belt lost initial tension in the range of 
16 to 25% as a result of sterilization. This tension loss 
was found to be acceptable if the belt tensions were 
initially set to the high side of thcir tolerances. Tensions 
would then not drop below their low boundaries after 
sterilization. The first H-film belts were found to be 
wrinkled. However, this problem was circumvented by 
using constantly rotating mandrels during shaping and 
curing at approximateiy 600°F. 

Some consideration had been given to the use of H-film 
for magnetic tape on the Mariner C program; in fact, 
consideration had originally been given to producing a 
Mars-mission tape recorder which would withstand a 
sterilization temperature of 125” C. A number of brands 
(and types of brands) of mylar- and metal-backed tape 
were investigated, since at that time only two companies 
were found that could produce even sample lengths of 
H-film-backed tape. In the case of mylar, it had been 
found that its 2.5 to 5% shrinkage could be alleviated by 
preshrinking or curing, and it was planned to do further 

work with mylar in the event of failure elsewhere. The 
metal tapes were too low in output for the slow, 0.01 in./ 
sec tape velocity, and they were found to curl as a result 
of passing over the short-radius rollers. One company 
(Reeves Soundcraft) was able, on request, to produce a 
6-ft sample of polyimide-backed tape which appeared 
quite promising in initial tests. 

It is evident that the binder-backing system needs to 
be compatible, and in this case, the particular Reeves 
binder is compatible with H-film but not with mylar. 
A number of binders have been tested with respect to 
lubricity or stickiness with the head and the backing 
of either plastic (single-sided) or oxide-binder (double- 
coated) tape. Because the difference in expansion coeffi- 
cients between the binder system and the backings would 
tend to produce a curl, a double-sided (coated on both 
sides) version of polyimide backing with the Reeves pro- 
prietary binder was selected. First attempts at sterilizing 
an entire pack met with failure; the pack had “blocked,” 
and the conditioning processes that had become neces- 
sary.for other portions of the transport were again em- 
ployed. This conditioning (or curing) consisted of 24 hr 
at 150°C in a dry nitrogen wash, or flow of gas, over a 
loose tape pack. A tape-burnishing and cleaning process 
followed, because of lubricant (graphite) shedding due 
to an excess of graphite rather than any deterioration of 
the binder system. The burnishing and cleaning were 
carried out with two successive grades of the burnishing 
tape normally used for polishing heads while mounted on 
the transport. Two tape drives were arranged so that the 
magnetic tape and the polishing tape passed over a com- 
mon roller of about 6 in. in half-circumference in opposite 
directions. This common path was adjustable in that a 
greater or lesser wrap angle could be obtained. After as 
many as 50 burnishing passes, an additional 10 or 12 
passes were made with unoiled telegraphic paper tape 
to clear off the residual graphite. With a pack of 330 ft 
of %-inch tape, weight losses of about 0.2 g of the total 
weight ~f &=ut 70 g ~l‘ere nrrted. 

Polyimide-backed tape with Reeves proprietary binder 
and lubricant treated in this fashion was found to be 
sterilizable in the endless-loop reel with no starting diffi- 
culties. An observable physical change was evident - 
the tape became stiffer, or “crinkly.” This change might 
be expected to lead to an improved flutter characteristic, 
as no flutter deterioration was noted. There was, how- 
ever, some degradation in the amplitude modulation 
envelope of the recorded signal, probably because of 
reduced compliance of the head wrap. Also, a more 
intimate adhesion between the backing and the binder 
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was noticed; this occurred to such an extent that the usual 
solvents such as methyl ethyl ketone, butyl acetate, tri- 
chloroethylene, and nitric acid failed to remove the cured 
oxide binder. The tape was therefore spliced by the usual 
means using DuPont Phl 1200 polyimide high-temperature 
binder solution, except that the splice was made over 
the oxide. Tensile strength tests showed the splice to be 
stronger than the adjacent material. 

The entire transport, with two preamplifiers, is con- 
tained in a case which is hermetically sealed with Parker 
Viton rubber Gask-0-Seals. In the past, a great deal of 
work had been done on the sealing problem with respect 
to the actual Mariner C transport. The objective in this 
case was to extend sealing to withstand the higher tem- 
peratures. Leak testing is not particularly accurate, since 
tests under similar conditions yield three different ranges 
of values at three different locations. Ardel Corporation 
figures are in the vicinity of 7 cc/in./yr; Raymond figures 
are around 4.5 cc/in./yr; and the University of Rochester 
obtained about 3 cc/in./yr. Indications are, however, that 
the leak rate doubles when the case temperature is raised 
to 145°C h i t  returns to normal after cooling to ambient. 
From a 21-psig gas pressure at room temperature, a pres- 
sure loss of about 0.6 psi occurs over the 108-hr period 
but is not considered critical. The cover (8f4 by 6 in.) 
exhibited a certain amount of bulging (about :!!v-in.), 
which indicates a need for a stronger cover. Ethylene 
oxide decontamination testing was also accomplished. 
The first test was a 24-hr soaking at room temperature in 
35% RH, 500 mg/liter of 86% C,H,O, and 13% Freon-13. 
The second test is similar but with a temperature of 
40°C. No change in the leak rate coiild lie observed as a 
result of these tests, and no evidence of ethylene oxide 
osmosis coiild be found in the magnesium case. No known 
problem exists with present materials and techniques. 

The end-of-tape sensing used in this Mariner C trans- 
port consists of metallic fingers contacting an area of the 
tape which has been made conductive by some means. 
The gold-plated mylar-aluminum laminate cannot with- 
stand the sterilization temperature because, in addition 
to more olnious reasons, the gold edges tend to break 
don.n. An attcmpt to Ix)nd 0.3-mil gold leaf to the oxide 
side of thc H-film w a s  not siiccessful because of  non- 
adhcwnce and cracking. Two othcr a p p r o d ~ r s  were 
tricd using silver: o n e  w a s  a dcposition 1,y the I3rashcar 
(mirror silvering ) t echn i qi le; t hc o t hcr w a s  by spraying 
ivith a silver lacquer. Upon hcating, the Brashcar- 
deposited silver volatalizcd, but the silver lacquer re- 
mained, giving a resistivity of about 200 milliohni/in. At 
the low tape speeds involved (0.01 in./sec), this method 

is too noisy and further investigation is needed. Gold 
deposition or some optical method might be alternate 
approaches. 

The culmination of the described preparatory work 
was to assemble the entire transport with its reject elec- 
tronics and subject it to the sterilization cycles. Upon 
subsequent attempted operations, it was found that the 
transport started normally with no sign of sticking or 
binding, but that the electronics for one channel had 
failed, and the other channel was operating at reduced 
gain. The head outputs were normal, as were flutter and 
envelope amplitude modulation for cured tape. Digital 
coding was well defined, showing good high-frequency 
response. About 25 passes of the tape were made prior to 
opening the case. When the case was opened, a number 
of things were observed: 

1. A black stain on the Dow 17 finish adjacent to the 
Viton seal rubber. 

2. Whitish crystals also adjacent to the seal but toward 
the inside of the case. 

3. A soft grey deposit on the reel housing which soon 
volatalized, reminiscent of an earlier experience with 
tape binder outgassing. 

4. A surface phenomenon on the beryllium copper 
clutch spring and capstan “true-arc” (C-clamp) which 
gave the appearance of fine diamond dust. 

5. A crack in the epoxy of one of the AMC heads, but 
not located in the tape path. (The gap remained 
constant, with no shifting or stepping evident under 
nonmicroscopic examination.) 

6. An etched, or dulled appearance was imparted on 
the brass flywheel, thc clear anodized aluminum 
pulleys, and all solder connections. 

In trying to ascertain the reason or reasons for the cor- 
rosive effects noted, it was found that one item used in 
the routine assembly of the Mariner C transport had not 
been tested - the Dow Corning No. 55 silicone grease 
used a s  an aid to hermetic sealing. Previous leak check 
testing on the case before,, after, and during heat sterili- 
zation and chemical dccontainil~ation had not employed 
this grease, and the tests had bcen successful. Unfor- 
tunately, it was applied in the test of the assembled and 
sealed transport and is l>c,lic,ved to bc responsible for the 
whitish crystals (which analysis show to be mainly silicon 
and magnesium). The scintillating surface phenomenon 
observed 011 the beryllium copper surfaces was believed 
to be a sulphur or chlorine compound; accordingly, the 
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Viton-elastomer and the grease were tested for chlorine 
and sulphur. Viton is a fluorohydrocarbon and does not 
contain sulphur or chlorine either in formula or as con- 
taminants. The No, 55 pneumatic grease contained not 
only a chlorinated aromatic silicone but lithium oleate 
plus some diphatic hydrocarbon additives. Furthermore, 
the total volatile material was found to be over 16% 
when the grease was heated to 110°C for 23 hr. The 
manufacturer claims this product to be heat-stable and 
serviceable to 350°F (177°C). 

Upon examination of the transport, a 3-week period of 
life testing was undertaken. A program of slow and fast 
tape velocities (0.01 and 12 in./sec) was established as 
well as an attempt to check bit errors. The bit error test 
produced no significant results due to faulty instrumenta- 
tion. A capstan bearing failed after five days. That is, it 
became noisy and resulted in out-,of-spec flutter. Another 
failed after ten days. These failures were assumed to be 
due to insufficient lubricant but could also be due to 
contamination of the lubricant. 

Future work in tape recorder sterilization should in- 
clude bearing lubricants, bearing and capstan design, 
more work on head design and materials testing, and the 
development of a new tape binder system. Contamination 
due to the outgassing of epoxies and cements used in 
miscellaneous places should be investigated more thor- 
oughly, even though the manufacturer claims a high-level 
temperature range for his product. Control of the tem- 
perature history of metal as well as high-temperature 
end-of-tape sensing (possibly optical) should also be in- 
vestigated. 

Although this project resulted in a transport which 
failed to meet specifications after 5 days of life testing 
subsequent to type approval sterilization, a great deal of 
knowledge and experience has been gained which will be 
invaluable in future studies.' 

B. Pressure Transducer Sterilization, 
Gordon A. Crawford 

Pressure transducers are used to monitor engineering 
measurements (those concerned with the performance 
of the spacecraft) and scientific measurements (those 
concerned with the environment external to the space- 
craft). In view of sterilization requirements, a program 

'A comprehensive report of the latest developments in magnetic 
tape recorder sterilization appears in JPL's Space Programs Sum- 
mary No. 37-37, Vol. IV. An abstract of that report is presented 
at  the end of this section. 

was initiated to define and solve the problems associated 
with the sterilization of engineering pressure transducers. 

This program was divided into the following three 
parts : 

1. An investigation of the numerous commercially 
available pressure transducers to find those suitable 
for spacecraft needs, i.e., insofar as range, size, 
weight, power, and output are concerned. (Trans- 
ducer types are listed in Tables 1 and 2; their rela- 
tive advantages or disadvantages are presented in 
Ref. 1.) 

Table 1. Types of pressure transducers 

1 .  Resistive 
Potentiometric 

Wire-wound 
Carbon film 
Conductive plastics 

2. Ionization 
Philips 
Hot cathode 
Cold cathode mognetron 

Red heod 
Radiological 

Alphalron 
Betatron 

3. Thermoelectric 
Thermocouple 
Thermister 
Pirani 
Pyroelectric 

4. Force balonce 
5. Digital output 

Binary code 
Grey code 

Vibrating cylinder 
Osciducer 
Vibration 

6. Oscillating 

7. Photosensitive 
Photovoltaic 
Photoresistive 
Photoelectric 

8.  Electrokinetic 
9. Piezo-electric 

10. Capacitive 
1 1 .  Field gradient 

12. Inductive 
Hall effect 

Variable reluctance 
Differentiol transformer 

13. Ionization 
Variable copocitance 

14. Mognetostrictive 
15. Piezo-resistive 

Strarn gage 
Metallic 

Semi conductor 
Bonded 
Unbonded 
Weldable 

Variable pitch spring 
Oh m-strictive 

Organic polymers 
Carbon pile 

16. Vacuum tube 

Tab!$? 2. Types nf force ca!!cc!srs 

1 .  Flat diaphragm 

2. Corrugated diaphragm 

3. Aneroid capsule 

4. Bellows 

5. Circular bourdon tube 

6. Twisted bourdon tube 

7. Straight tube 

8. Concentric tubes 

9. Hexagonal tube 

10. Piston 
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2. A study of various transducer mechanisms and the 
materials used in their manufacture to evaluate 
their ability to withstand sterilization and space 
environments. 

3. Heat sterilization and subsequent testing of some 
typical transducers to prove their ability to with- 
stand sterilization temperatures. 

1. Transducer Selection 

Past experience with pressure transducers from two 
different manufacturers indicated that potential prob- 
lems existed in meeting the temperature requirements 
for dry heat sterilization. As a first step, other manu- 
facturers were investigated to determine whether new 
transducer types had recently been developed. 

The Instrument Society of America has published a 
Transducer Compendium (Ref. 2) listing numerous com- 
panies and various types of transducers. This book was 
used to compile a list of companies with potential capa- 
bilities of supplying transducers for the sterilization 
program. Three companies (Statham Instruments;' Micro 
Systems,z and Giannini Controls") were visited, and the 
manufacturing processes of several different types of 
transducers were observed. 

Each of the three companies expressed confidence 
that, with additional care in the selection of materials, 
their present transducers could withstand the steriliza- 
tion environment. Two of these companies (Micro Sys- 
tems and Giannini Controls) volunteered the loan of a 
transducer to be subjected to JPL sterilization and type 
approval environmental tests; one from each company 
was accepted on a loan basis and tested. 

2. Description of Transducers Tested 

The Giannini Controls Corporation 461 322-AlV6-80-75 
absolute pressure transducers (Fig. 5) is a high-accuracy, 
hermetically sealed, potentiometric output, Bourdon- 
tube-type instrument intended for pressure measurements 
from 0300 psia minimum range to 03500 psia maximum 
range. Specifications are listed in Giannini Controls 
Specification S461322.01. 

The Micro Systems transducer type PT8-S/N703 
(Fig. 6) is designed for industrial and aerospace pressure 
measurements and control applications where a high 

LOS Angeles, Calif. 
'Pasadena, Calif. 
Duarte, Calif. 

Fig. 5. Giannini Controls transducer 

unamplified voltage output is extremely useful. Designed 
to measure pressures in the range of 0-50 through 
0-5000 psi, this transducer is constructed of corrosion- 
resistant materials and consists of an integrally machined 
diaphragm to which four active semiconductor strain 
gages are bonded. The pressure cavity is a welded as- 
sembly without O-ring sealed or threaded joints. 

3. Transducer Tests 

The two transducers loaned to JPL for testing were 
calibrated (Fig. 7 )  before any tests were started. The 
first test consisted of dry heat sterilization as described 
in JPL Specification XSO-30275-TST-A. It required sub- 
jection to n temperature of 145 +-2"C (293°F) in a dry 
nitrogen environment for 36 hr. This test was repeated 
three times with stabilization to room conditions be- 
tween heating cycles. The transducers were pressurized 
and monitored between each temperature cycle through 
the original calibration points (Figs. 8 and 9). 

The second test consisted of subjection to vibr a t '  ion 
per JPL Specification 30257 (Paragraph 4.3.2.1b): 2 min 
at combined lo-g-rms noise plus 4-g-rms sinusoid, and 
6 min at combined 5-g-rms noise plus 4-g-rms sinusoid. 
This test was performed in all three planes (x, y, and Z )  

and the transducers were then again checked against the 
original calibration (Figs. 8 and 9). 
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Fig. 6. Micro Systems transducer 
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Fig. 7. Pressure transducer calibration setup 

The third test performed consisted of subjection to 
shock per JPL Specification 30257 (Paragraph 4.4.la): 
application of shock 5 times in each of 3 axes (200 g), 

PRESSURE, psi 
INCREASING - I DECREASING - 

Fig. 8. Resultant error band of combined tests, 
Micro Systems transducer 

PRESSURE, psi 
INCREASING- 1 DECREASING- 

Fig. 9. Resultant error band of combined tests, 
Giannini Controls transducer 

0.7 millisec. The transducers were then checked against 
the original calibration (,Figs. 8 and 9). 

Graphic plots using the figures obtained show the 
error band which includes all the points at the extremes 
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of variation. These extreme points are within *2% of 
normal. It must also be noted that these figures would 
be less than *2% if the actual figures not included in 
an error band were used according to the generally 
accepted methods (Figs. 8 and 9). 

4. Test Results 

The electrical data obtained after each of the trans- 
ducer tests do not indicate any gross failure. Mechanical 
inspection of the Micro System transducer - a commcr- 
cia1 unit - revealed that construction improvements 
could be made. A considerable weight saving could be 
efiected by a difl'erent design. Although smaller trans- 
ducers are manufactured by this company, they were not 
available for testing at the time. Some silicone potting 
material was used on the connections in the Micro Sys- 
tems transducer. The quality of this material is ques- 
tionable for space use, and the material should be 
replaced. 

Post-testing examinations of the Giannini Controls 
transducer disclosed some discoloration and creep of the 
potentiometer insulation material. The adhesive and in- 
sulation materials used in mounting and insulating the 
potentiometer resistance wire have presented great diffi- 
culties in the past during heat sterilization. Better 
insulation materials have been recently developed; or- 
ganosilicone varnish (GP77, Dow Corning Corp., Mid- 

land, Michigan), which combines long thermal life with 
high bond strength, flexibility, and low, cost should be 
tested more thoroughly for this application and in 
vacuum. 

5. Conclusions. 

Pressure transducers that will qualify for deep space 
applications are available. These transducers can with- 
stand the rigors of dry heat sterilization and gas (ethylene 
oxide) decontamination. Prior to commitment of any 
transducer to a specific program, a four-phase study 
should be initiated: 

1. A list of all materials used in the gage should be 
compiled by the transducer manufacturer. This list 
should be thoroughly checked and evaluated. 

2.  Transducers should be selected and subjected to 
complete sterilization testing. 

3. Xlechanical and electrical evaluation should then 
be performed following vibration, shock, and vac- 
uum tests and any of the other type approval tests 
prescribed by the mission assignment. 

4. A representative sample should be life tested to 
insure that the sterilization process did not intro- 
duce latent unreliability. 

REFERENCES 

1 . Pressure Transducing and lnstrumentotion Techniques, WADD Technical Report 

59-743, Contract No. AF 33(616)-6181 : Vol. I, Book I, General Introduction and 
Part A (Transducing Techniques); Vol. I, Book It, Part B (Transmitting Techniques); 
Vol. I ,  Book 111, Port C (Nuclear Radiation Effects); Vol. 11, Port A (Improvement to 
Current Pressure Transducing and Transmitting Techniques); Part B (Unique Tech- 
niques); Part C (References), Giannini Controls Corp., Duarte, California. 

2. Transducer Compendium, Instrument Society of America, Plenum Press, New York, 
N.Y. 

74 



. 
JPL TECHNICAL REPORT NO. 32-853 

ABSTRACT 

Arens, W. E., “Magnetic Tape Recorder Sterilization,” Space Programs Summary 
No. 37-37, Vol. IV, Jet Propulsion Laboratory, Pasadena. California. 

A program was undertaken to define and solve all of the problems associated 
with the complete sterilization of a typical spacecraft magnetic tape recorder. 
The endless-loop Mariner C type magnetic tape recorder was chosen as the 
basis for the transport design because it was closer to actual flight hardware than 
any other transport under development at JPL. The program was outlined so 
that each component to be included in the final transport subsystem was indi- 
vidually designed and/or developed for sterilization compatibility and exposed 
to complete dry heat sterilization tests. 

From these tests, a complete experimental and analytical analysis mas per- 
formed to adequately define any degradation affecting performance and/or life. 
Where problems existed, attempts were made to solve these problems so that a 
reliable sterilizable component would be available for inclusion into a sterilizable 
subsystem. Since these components were to be assembled into a sealed case, the 
only components requiring ethylene oxide decontamination survival were the 
pressure seals. Therefore, the program was defined so that only the seal material 
was exposed to ethylene oxide testing prior to transport assembly. 

The components individually considered for dry heat sterilization were (1) 
magnetic tape, ( 2 )  pressure and drive belts, ( 3 )  record/playback motors, (4) rotat- 
ing modules and lubricants, ( 5 )  record/reproduce heads, (6) transport plate, 
(7) preamplifier electronic modules, (8) adhesives, and (9) covers and seals. Dur- 
ing the program, further development w7ork in the areas of the magnetic tape and 
the reproduce head was required prior to transport assembly. 

Following qualification of the individual transport components, a complete 
transport was assembled, subjected to complete sterilization testing, and sub- 
sequently life tested. 

75 



. 
J P L  TECHNICAL REPORT NO. 32-853 

VII. GUIDANCE AND CONTROL 

The Guidance and Control Division is responsible for 
spacecraft attitude control, on-board guidance and navi- 
gation, on-board timing and sequencing functions, and 
secondary electrical power supply in support of Labora- 
tory projects. Specifically, the responsibilities of the 
Division with respect to spacecraft systems encompass: 

1. Attitude and velocity increment control subsys- 
tems, including sensors (inertial, infrared, and opti- 
cal), servo amplifiers, servo actuators, and cold gas 
reaction equipment. 

2. On-board closed-loop guidance and navigation sub- 
systems, including sensors, integration, and comput- 
ing equipment. 

3. On-board timing, programming, and sequencing 
equipment. 

Sterilization requirements will apply to all the capsules 
of the Voyager Project. The Division is presently study- 
ing the effects of sterilization requirements on several of 
the critical components for which the Division is re- 
sponsible. Individual papers are presented giving the 
status of efforts leading to the development of sterilizable 
components. 

A. Heaf-Sferilizable Battery, A.  A .  Uchiyama 

The Jet Propulsion Laboratory is currently engaged in 
a program to develop energy storage devices (batteries) 
capable of meeting the time-temperature requirements 
of heat sterilization. The objectives of the program are as 
follows: 

1. To develop a new and basic battery and battery 
component technology consistent with heat- 
sterilization temperature requirements. 

2. To gain the knowledge which will assist in properly 
designing and fabricating heat-sterilization batteries. 

3. To evaluate and test the batteries and parts of bat- 
teries developed. 

4. To assess and coordinate the progress and results 
so as to yield an optimized energy storage device. 

5. To integrate the results into the schedules of specific 
flight programs. 

The resultant devices will have the capability to serve 
as sole power source for spacecraft and capsules or in 

conjunction with other power sources. The technology 
to be developed under this task is intended to cover as 
broad a spectrum of battery performance as necessary 
so that it may be capable of eventual application in a 
variety of tasks requiring heat sterilization. 

1. Technical Discussions 

Sterilization has been a part of the JPL battery re- 
quirements since 1 W .  The present activities are based 
on JPL Specification No. XSO-30275-TST-A, dated May 
24, 1963, which defines the thermal sterilization require- 
ments for flight equipment. In order to describe these 
requirements in terms of battery technology, the pro- 
cedure is further defined as follows: 

The cell component, cell, or battery to be sterilized 
shall be exposed to three cycles of heating, each of 
which has an interval of 36 hr at 145 +2"C. The 
temperature of the test chamber containing the items 
to be sterilized shall be raised to 145°C in not less 
than 1 hr and sufficient time shall be allowed during 
warm-up of the chamber to assure that the test items 
have been sterilized at 145°C. At the end of the 
36 hr, the test chamber temperature shall be reduced 
to room temperature in not less than 2 hr, and the 
chamber shall be maintained at room temperature 
for not less than 2 hr prior to starting chamber 
warm-up for the next heat cycle. 

The above procedure, however, only partially qualifies 
batteries and battery components. To fully qualify, a 
battery and its parts must not only survive the above 
procedure but must also be capable of meeting the 
specific mission power profile or the battery duty cycle. 
It is this latter requirement that has in part led to mis- 
interpretation of what could or could not be done by 
batteries under the present state-of-the-art of heat- 
sterilizable batteries. 

The choice of a battery for initial investigation and 
the approach to the solution of the problems were based 
on the following consider, '1 t ' ions. 

1. Fulfilling a Mariner B launch. 

2. Fulfilling a Mariner 1966 launch. 

3. Uncertainties in the power profile. 

4. Limited weight requirement. 
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5. Existing data on delivery schedules and develop- 
ment time. 

The time element necessitated an immediate qualifica- 
tion of existing battery technology in terms of heat- 
sterilization requirements. Uncertainties of electrical re- 
quirements by the users demanded simultaneous studies 
and tests to uncover parametric knowledge of battery 
systems for a wide range of applications. The fourth 
consideration called for a maximum energy density sys- 
tem and design. The following were the candidate 
systems : 

1. Primary silver-zinc. 

2. Secondary silver-zinc. 

3. Remotely activated silver-zinc. 

4. Silver-cadmium. 

5. Nickel-cadmium. 

6. Thermal cell systems. 

The secondary silver-zinc system was selected be- 
cause of its higher specific energy and volume density, 
charge acceptance capability, and stand life. In order to 
meet delivery schedules, it was necessary to select a 
battery company experienced in the field of sealed, sec- 
ondary silver-zinc batteries with facilities to immediately 
fabricate batteries and battery components. 

2. Development of a Heat-Sterilizable Silver-Zinc 
Battery 

This section summarizes the work accomplished by 
several companies working under JPL from 1962 to the 
present time. Table 1 presents policy events that affected 
these contracts. 

a. Delco-Remy Co. 

~ W S  coriducteci at j2ScC. A totai of 7 i  ceiis were 
constructed. The tests were performed to evaluate the 
following: 

1. Separators: Three combinations of separators in- 

---A- 

volving four materials were tried. 

a. Dynel plus fibrous sausage casing (FSC). 

b. Permion 300 (modified polyethylene) plus FSC. 

c. Dynel plus Permion 600 (modified cellulose). 

The separator combination of Dynel and FSC was 
acceptable for heat sterilization. Permion 300 was 

Date 

September 1961 

April 1962 

July 1962 

December 1962 

June 1963 

January 1964 

December 1964 

Table 1. Historical events 

Contractual events 

Proposals issued for 
development of sealed, 
secondary silver-zinc 
batteries, capable of heat 
sterilization at 125°C far 
36 hr. 

Contract 950177 made 
definite. 

Temperoture requirement 
changed from 125°C to 
145OC, 1 cycle of 36 hr. 

Contract 950364 issued to 
investigate and develop 
materiols, processes, and 
designs which may be 
utilized in silver-zinc 
botteries. 

Requirements for 145°C: 
36 hr increased from 1 to 
3 cycles. 

Termination of Contract 
950364 initiated and 
transfer of life test cells 
to the Naval Ammunition 
Depot at Crane, Indiano. 

Policy events 

Heat sterilization 
required for both 
lunar and planetary 
programs. 

Ranger 4 impacted on 
dark side of Moon. 

Notice to waive heat 
rlerilizotion on 
certain components. 

Heat Sterilization 
requirement deleted 
from Ranger Project. 
Ranger 6 impacted 
Moon January 1963. 

Mariner 66 cancelled 
April 1964. 

unacceptable. Cells with Permion 600 gave good 
electrical results but caused excessive pressures. 

2. Case and Seal: Cells using Dynel plus FSC as 
separators were able to stand 36 hr at 125°C) pro- 
vided the nylon case was reinforced with fiberglass 
cloth and epoxy. 

3. Voltage Regulation: Voltage characteristics were 
not appreciably affected at low discharge rates for 
temperatures between 50 and 125O.F. However, at 
high rates, 30 amp and a temperature of 30°F) 
there were significant drops in voltage efficiency. 

4. Cycles: Some cells yielded 100% of rated capacity 
after 100 cycles and gave up to 850 cycles but with 
less capacity. 

5. Stand Life: Cells lost 35% of rated capacity when 
subjected to a 1-month activated stand life after 
sterilization. 
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It was further determined that the wet unformed cell, 
as compared to the wet fully charged, wet discharged, 
and dry unformed cells, was most likely to withstand 
sterilization temperatures. Dry unformed cells were ca- 
pable of withstanding 125°C but required a remotely 
activated mechanism prior to charging which would 
a priori lower its energy density and life. No extended 
stand life is available at 125°C. 

Tests conducted at  145°C. Tests at this temperature 
were conducted on individual components as well as on 
completed cells. The following conclusions were noted: 

1. Capacity: A 50% decrease in capacity was noted 
and attributed to the positive plate degradation. 
However, this loss appeared to be due to the reac- 
tion of the degradation products from the separa- 
tors with the positive plate rather than an inherent 
loss in the plate. 

2. Seals and Case: Nylon appeared good but must be 
life-tested. There was no problem with the terminal- 
to-nylon cover seal. Penton and Celcon materials 
failed to give proper cover-to-case seal. 

3. Voltage Regulation and Electrode Behavior: The 
open circuit voltage decayed rapidly and was in- 
dicative of the positive plate reacting with separator 
degradation products. Gas evolved for more than 
24 hr after sterilization. Heat-sterilized cells caused 
cxccssive pressures on formation charge. Negative 
plates without such binders as polyvinyl alcohol 
(PVA) gas less than those using PVA. 

4. Separators: Dyne1 and fibrous sausage casing de- 
grade excessively. The following new materials 
were evaluated: acrylic acid graft on Teflon, metha- 
crylic acid graft on Teflon, sulfonated styrene graft 
on Teflon, acrylic acid graft on cross-linked high- 
density polyethylene. These separators still appear 
to affect capacity although cycle life has not been 
affected. 

b. Radiation Applications lnc. Fifty-one additional 
matefials using cross-linked polyethylene have been pre- 
pared undcr Contract 951015 The cross-links are being 
effected b y  the use of an elcctron beam and divinyl ben- 
zene with subscquent grafting of functional groups using 
cobalt-60 radiation. Two of the 51 materials, designated 
contractually a s  110 and 116, have been selccted and 
500-sq-ft quantities of each fabricated. The 116 material 
has been tested by RAI and delivered to JPL for further 
testing. The 110 material has been fabricated but as yet 
has not been tested by RAI. The materials, particularly 

116, as a result of initial but cursory testing, appear 
suitable to the JPL requirements for a sterilizable sepa- 
rator material. 

c. Narmco. In this contract (951091), Narmco is to 
investigate the field of new thermostable polymers as a 
source for separator materials. Narmco is to synthesize 
eight distinct thermostable polymers and test them as 
polymeric compounds and as films. A 500-sq-ft sample 
of a suitable separator material will be fabricated from 
one of the eight polymers. 

The preparation of the eight polymeric compounds 
has been completed. One compound shows excellent film 
processibility characteristics, but it must be modified 
chemically to lower its resistivity. This is presently being 
done. 

d. Electric Storage Battery Co. A contract (951296) 
was initiated with ESB in September 1965 for the devel- 
opment of a heat-sterilizable, impact-resistant battery for 
potential application in the 1971 Voyager capsule lander. 
This contract is primarily for the development of the 
electrochemistry and the cell case. However, some test- 
ing of ESB candidate separator materials is included. It 
is expected that the Narmco or RAI contracts will pro- 
vide the main source of separator material. ESB at 
present has 250 sq ft of the 116 material developed by 
RAI to be tested. The contract has not been in effect 
long enough to have produced reportable results. 

3. Future Plans 

Despite the lack of complete success in the develop- 
ment of the heat-sterilizable silver-zinc battery, this sys- 
tem still offers excellent prospects. Future activities will 
be directcd towards the development of new separator 
materials. The problem of capacity loss in this system is 
not as serious when it is considered that the proper design 
choice of active material ratio overcomes this loss in 
large measure. The new separators being developed are 
dimensionally more stable than conventional cellophane. 
Consequently less material, less electrolyte, and smaller 
case sizes are required, with a corresponding reduction 
of weight and volume for an equal amount of energy and 
a resultant increase in energy density. With the proper 
material and design, this system could afford up to 
50 w-hr/lb after sterilization. 

4. Other Systems 

Nickel cadmium batteries yield energy densities rang- 
ing from a few to at best 15 w-hr/lb. Although they are 

78 



JPL TECHNICAL R E P O R T  NO. 32-853 

capable of many thousands of cycles (although not at 
100% of depth of discharge), their stand life is short com- 
pared to secondary silver-zinc batteries. The Jet Propul- 
sion Laboratory is presently testing and evaluating 60 
nickel-cadmium cells for compatibility with sterilization 
requirements under Contract 951092 with TRW Systems. 

B. Actuator Sterilization, E .  F .  Koch 

The immediate purpose of this program is the devel- 
opment of heat-sterilizable actuator components for use 
in attitude control and various hinge actuations on typ- 
ical spacecraft. Specifically, this consists of the develop- 
ment of gas components for attitude control, antenna 
actuators, autopilot actuators, and solar vane actuators. 
The actuators will be applicable for all types of space- 
craft and, where needed, for landing capsules and 
orbiters. 

The state-of-the-art of the actuator field is such that 
heat-sterilizable actuators may be designed and fabri- 
cated without any anticipated research and development 
problems. However, adequate testing of new designs is 
mandatory for certification of sterilizability. Close quality 
control of materials used in fabrication is necessary so 
that the mechanism can qualify for the heat sterilization 
environment. A technical development that might bene- 
fit the industry at large will be an actuator mechanism 
that can be used at elevated temperatures. 

The JPL Actuator Group is presently working on the 

1. A new type of jet-vane actuator is under develop- 
ment contracted to the Aeroflex Laboratory as 

following items: 

OPTICAL 
INPUT 3: 

FIBER OPTIC 

part of the development of an improved autopilot 
actuator. 

2. A small heat-sterilizable actuator motor has been 
developed and is now being evaluated for heat- 
sterilization temperatures. 

3. A geared actuator using the aforementioned small 
actuator motor has been designed at JPL and will 
be tested to sterilization temperatures. 

4. Existing actuator components and assemblies will be 
evaluated at sterilization temperatures. 

C. High-Temperature Photocathode lmuge 
Dissector, Edgar S. Davis 

The electrostatic image dissector has been shown to 
be a superior detector where high sensitivity, long life, 
and ruggedness are important parameters. The CBS elec- 
trostatic image dissector is shown in Fig. 1. Direct-descent 
Mars landers will require Canopus sensors and, possibly, 
approach guidance planet sensors and antenna pointing 
Earth sensors. For all of these applications, the image 
dissector looks attractive. A program to develop a flight- 
worthy electrostatic image dissector capable of being 
heat- and gas-sterilized was undertaken with CBS labor- 
atories in June of 1964. 

Gas sterilization (12% ethylene oxide and 88% Freon 
12 by weight) is not considered to be a problem. Heat 
sterilization (145°C for 36 hr)  has adverse effects on the 
most sensitive photocathodes because they generally 
employ cesium, which is quite volatile at the sterilization 

IMAGING ANODE 

f PHoToCATHoDE 

12-STAGE ELECTRON 
MULTIPLIER 

I \  \ 
LELECTRON APERTURE 

SCHLESINGER MFLECTION SYSTEM 

ELECTRON TRAJECTORIES 

FOCUS ELECTRODE 

Fig. 1.  The electrostatic image dissector 
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temperature. Because of this inherent weakness in photo- 
tubes using cesium, the bi-alkali photocathode has been 
given primary attention. Other workers in this field have 
shown that the bi-alkali surface is better able to with- 
stand elevated temperatures if only because the alkali 
metals sodium and potassium have a lower vapor pres- 
sure than cesium and are less likely to migrate. Emphasis 
was placed on obtaining the highest possible sensitivity. 
Special attention was paid to the multiplier gain which 
can be obtained with these tubes, since in the absence of 
cesium the secondary emission ratio of conventional silver 
magnesium dynodes is somewhat reduced. 

The approach to the problem of achieving useful cath- 
ode sensitivity and gain involved the fabrication of over 
thirty 2-in. photomultiplier tubes, each tube incorporating 
a processing experiment. Each tube was processed under 
the closest possible control to study the various effects of 
the activation schedule on sensitivity, gain, and stability 
when repeatedly sterilized. Heating and cooling rates, 
temperature, activation bake times, pressure, photore- 
sponse, gain and leakage were monitored throughout the 
processing of each tube. After being activated under close 
control, each tube is subjected to a high-temperature 
aging cycle. Although this aging cycle reduces the photo- 
response of the tube it has a stabilizing effect on the 
photoresponse and gain for subsequent sterilization 
cycles. 

Each group of tubes has been subjected to six steriliza- 
tion cycles. General improvements in photoresponse and 
stability have resulted with each group of tubes. Figure 2 
illustrates the effect of sterilization on photoresponse. 
Two interesting characteristics are worth noting. First, 
the initial photoresponse is as good as the best S-11 
photocathode without the use of cesium. Second, the 
photoresponse has stabilized by the second or third cycle 
to a level adequate for sensor applications; 20% stability 
is considered acceptable for sensor applications. Figure 3 
shows that multiplier gain remains quite stable through 
three cycles of sterilization and does not suffer an initial 
loss in sensitivity. Although performance is somewhat 
erratic with subsequent cycles, improvement should come 
with more experience. Figure 4 shows the spectral char- 
acteristics of the bi-alkali tubes before and after steril- 
ization. The factor of 2.0 drop in photoresponse noted in 
Fig. 2 is primarily caused by a decrease in the “red” 
sensitivity of the tube. The wave length of the peak sen- 
sitivity, 0.45 micron, is not measurably changed by ster- 
ilization, and the peak sensitivity is more stable than the 
photoresponse. Peak sensitivity typically drops by less 
than a factor of 1.5 when a tube is repeatedly sterilized. 
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THERMAL CYCLES, I cycle = 36 h r ,  145OC 

Fig. 2. Effect of thermal cycling on photocathode 
response 

6 
0 
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THERMAL CYCLES, I cycle = 36 hr, 145OC 

Fig. 3. Effect of thermal cycling on multiplier gain 

Transferring the activation process developed in the 
2-in. photomultiplier to the image dissector geometry is 
currently being accomplished. Preliminary results indi- 
cate that the performance in the image dissector will be 
similar to the photomultipliers. 

The 2-in. sterilizable pliotomultiplicr tube developed 
for this study should be useful for inany of the scientific 
experiments being considered for Voycrgcr missions. It is 
recommended that interested scientists should follow up 
the development of this tube with CBS, since there are 
no known Sensors applications which will require a 2-in. 
photomultiplier. 
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WAVELENGTH, p 

Fig. 4. Spectral response characteristics of the CBS 
bi-alkali phototube 

D. Development of Thermal Sterilization 
Capability in fnerfid Sensors, W. E. Bachman 

The requirement for both thermal and gas (ethylene 
oxide) sterilization of inertial sensors was first initiated 
in 1961 as part of the Ranger Block 11 program. Thermal 
sterilization at that time consisted of one 24-hr soak at 
125°C. Both gyros and accelerometers were used in the 
Ranger attitude control system and are discussed sep- 
arately. 

1. Honeywell Model GG49 Gyro 

Initially, the gyro underwent only minor modifications 
of sealants and adhesives to make it capable of the 125°C 
soak. However, in the fall of 1961 a series of catastrophic 
failures were encountered. These failures were traced to 
a breakdown of insulation on the wire i i s d  in the gyrr! 
signal generator and torquer, a combination known as 
the “Dualsyn.” The failed units used a double Formvar- 
coated wire which was wound and formed on stacked 
laminations. The gyro manufacturer, Honeywell, con- 
ducted a study which determined that Formvar-insulated 
wire from various manufacturers was of variable quality 
due to imperfections in the Formvar. They further veri- 
fied that Formvar was weakened by the 125°C tempera- 
ture to the point where use after sterilization could result 
in complete breakdown. After an evaluation of improved 
insulations, a General Electric product-Nyleze-was found 
to be the best qualified and was subsequently used in all 

Ranger gyros. No further catastrophic failures occurred 
after this change. Typical drift performance changes 
brought on by thermal sterilization showed an average 
spin axis mass unbalance change of 1.03 deg/hr and an 
average input axis mass unbalance change of 0.41 deg/hr. 
These values were considered acceptable for the Ranger 
requirements, but were considered significant because 
the total mass unbalance drift rate allowable was 4.0 
deg/hr. 

Gas sterilization was accomplished on all Ranger Block 
I1 gyros but never caused significant performance degra- 
dation. This was undoubtedly because the gyro is a 
hermetically sealed unit. 

Early in 1961 radiation sterilization was attempted 
on two GG49 gyros using lo7 R/hr of beta particles from 
a cobalt source for a period of 36 hr. The first radiated 
gyro showed a mass shift of approximately 1.0 deg/hr, 
but after disassembly and inspection the drift rate shift 
could not be related to the radiation exposure. The sec- 
ond radiated gyro showed no significant performance 
change and subsequently was successfully life tested for 
1000 hr. Further attempts to utilize radiation sterilization 
were not made because of the limited pile size and 
operational problems of sterilization of complete gyro 
module assemblies. 

2. Accelerometer Sterilization Experience 

As part of the Ranger midcourse correction system, an 
accelerometer was used to initiate motor cutoff. This 
accelerometer was the Bell Aerosystems Co. Model IIIB. 
Although no catastrophic failures were induced by the 
exposure of the instruments to 125°C for 24 hr, bias (null 
offset) shifts were much la-rger than cou!d be tolerated 
without some form of recalibration prior to flight. Table 1 
is a list of bias changes for all accelerometers sterilized 
during the Ranger program. 

IE BE e f f ~ t  te cerrect this deficieixjj iii the acceler- 
ometer, a product improvement program was initiated 
jointly with Bell Aerosystems in September 1960. This 
program was based on the assumption that the large bias 
shifts encountered were largely due to warping of the 
seismic proof mass assembly in high temperatures. The 
assembly was originally fabricated in several parts that 
were cemented together with special epoxy adhesives. 

JPL felt that a one-piece structure would be more 
stable at elevated temperatures, and therefore the pro- 
gram was directed toward the development of a method 
for fabrication and assembly of a one-piece pendulum 
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Table 2. Sterilization bias shifts: Model 1116 
accelerometers 

(Procedure: hot soak at + 125OC for 24 hr; read bias 
before and after) 

System 

RA3 flight 

RA4 flight 

RA5 flight 

Spare 

Spare 

Spare 

Spare 

Spare 

Spare 

Vega spare 

Vega spare 

Block I l l  spare 

Block I l l  spare 

Block I l l  spare 

Block I l l  spare 

'Sterilized twice. 

Accelerometer S / N 

-JR62 

-JR60 

-JR25 

-JR19 

-JR64 

-JR63 

-JR29 

- J R l O  

-JR6l 

JR19 

JR20 

JR392 

JR393 

JR393 

JR394 

TY Pe 

B10 

B10 

B 1 0  

B 1 0  

B 1 0  

B 1 0  

B 1 0  

B10 

810  

85 

85 

B17A 

B17A 

B17A 

B17A 

A bias, p g  

-580 

- 1 1 6 0  

+ 2 1 0  

+ 840 

- 660  

f 8 7 0  

$ 6 5 0  

- 8 7 0  

f 1650 

+ 1 3 2 0  

- 3 5 0  

- 755 

-185. 

- 1 5 0 '  

+ 230 

structure. The development effort resulted in a newly 
dcsigncd instrument called the IIIB17; the first production 
instruments were received in July 1961. The performance 
improvement obtained from this new design can be seen 
in the lower part of Table E .  The mean bias shift for the 
original IIIB5 and IIIBlO types was 833 pg, while the 
IIIB17 instruments show a mean change of 330 pg. No 
effort to further improve this performance was under- 
taken on the IIIB accelerometers, as the thermal ster- 
ilization requirements were abandoned on the Ranger 
program. 

E.  Electrostatic Gyro Sterilization Program, 
W. E. Bachman 

The electrostatic gyro (ESG) is an inertial attitude 
reference seiisor which is under development as part of 
a research program to develop gyros which show poten- 
tial for significant improvement over convcmtional sensors 
in the areas of simplicity, power, and life while providing 
equivalent or better performance. 

The electrostatic gyro (ESG) principle is very different 
from conventional gyro principles. In an ESG, a spher- 

ical rotor is freely suspended in an electrostatic field set 
up by six diametrically opposed electrodes forming a 
spherical cavity around the rotor. Optical pickoffs view 
a pattern on the rotor and provide information to a com- 
puter to determine the relative orientation of rotor spin 
axis and gyro housing (Fig. 5).  

ROTOR 
SECTION 

OPTICAL PICKOFFS (3) 

SPIN COILS (3) 
SPHERICAL 

ROTOR 

ELECTRODES (6) 

GREAT CIRCLE 
I ON-GETTER 

Fig. 5. Electrically suspended gyro 

Development of the ESG dates back to 1952, when it 
was conceptualized at the University of Illinois. Govern- 
mental funding was initiated in 1956 and was primarily 
directed toward development of a ginibaled ESG. The 
JPL development program is directed specifically toward 
a strap-down, all-attitude configuration. The JPL devel- 
opment program has proceeded through an initial study 
program to define the most desirable configuration for 
spacecraft use under projected environmental conditions; 
it is now in a prototype evaluation phase. In conjunction 
with the basic ESG development program, principal com- 
ponents were sterilized to determine what additional 
development would be necessary to insure that the gyro 
would ultimately have thermal sterilization capability. 
The components selected for sterilization are tabulated 
below: 

1. Two rotors. 

2. Three envelope halves. 

3 One photodiode. 

4. One optical pickoff assembly. 

5. One pickoff preamplifier. 

6. Two suspension system output transformers. 

The sterilization results of these components are sum- 
marized in Table 3. The components were inspected 
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Table 3. Summary of results of sterilization tests 

Part 

~ 

Rotor No. 518,  unploted 
beryllium 

Rotor No. 21 3, beryllium, 
plated with chrome over 
brass 

Envelope half No. 18. pump 
and electrode surfaces of 
electroless nickel plated 
over capper 

Envelope half No. 2, pump 
and electrode surfoces of 
electroless nickel plated 
directly on the ceramic 

Envelope half No. 1, pickofi 
end electrode surfoces 
some as No. 2 

Photo diode, opticol sensor 

Optical pickoff 

Pickoff preamplifier 

Output transformer No. 12; 

Output transformer No. 12t  

Mode of failure 

None 

Blistered, shape 
changed 

Blistered 

None 

None 

Circuit opened 

None 

Output at 2 0  kc and 
1 0 0  kc decreased; 
copacitor in feedback 
loop changed value 

Inductance as indicated 
by tuning capacitance 
changed 4% 

Inductance chonged 4 % 

Satisfactory 
survival of 

sterilization 
procedure 

Yes 

N o  

No 

Yes 

Yes 

N o  

Yes 

N o  

Questionable 

Questionable 

before and after sterilization to evaluate the following 
characteristics: 

1. Rotor and envelope halves: 
a. Rotor and envelope surface conditions were eval- 

uated by visual inspection for blisters or other 
flaws. 

defined by Indi-Ron evaluation. 
c. Envelope leakage was assessed as indicated by a 

Veeco leak detector. 
d. Rotor mass balance was evaluated as indicated 

by the pendulous period of the rotor when sup- 
ported in a spherical air bearing. 

b. a,+,,.. ,,A -__.- 1--- -L ---- ...- 
L l " L " l  a,,u c l l v G l u p ~  311ape welt: evaluaied as 

2. Photodiode, optical pickoff, and preamplifier: 
a. Photodiode was evaluated by continuity tests. 
b. Optical pickoff was evaluated for mechanical 

shifts and general performance. 

c. Preamplifier performance was assessed by gain 
measurements at various frequencies. 

3. Suspension system transformers: 
a. The suspension system output transformers were 

checked for changes in turns ratio, inductance, 
insulation resistance phase shift, and core loss. 

The test results indicate that nonplated rotors and 
electroless nickel plated envelopes can survive ster- 
ilization. The optical pickoff assembly also suffered no 
problems from sterilization. The electronic components, 
photodiode, and preamplifier did have failure problems. 
These problems resulted from solid-state components 
which were not necessarily expected to pass sterilization. 
It is expected that these problems will be solved by 
proper selection of sterilizable electronic components. 
There was also a slight inductance change in the suspen- 
sion system output transformers the implications of which 
will require further investigation. 

F. Gas-Bearing Gyro Sterilization Development, 
W. E. Bachman 

The basic gyro being used in this development is a 
single-axis, rate-integrating gyro of miniature size and 
guidance performance capability. Gyros of this general 
type with ball-bearing spinmotors were used on both 
Ranger and hlariner spacecraft as rate sensors for space- 
craft stabilization and as position sensors for spacecraft 
maneuvering. The specific gyro on which sterilization 
development is being conducted has a hydrodynamic gas- 
bearing spin motor and a hydrostatically fluid-supported 
gimbal. Such a gyro may find use on spacecraft or cap- 
sule missions requiring precision gyro performance ex- 
ceeding 5000 hr. Principal features of the gyro under 
development are tabulated below: 

1. Single-axis, rate-integrating gyro. 

2. Floated gimbal with hydrostatic centering system 
___" ;L'a:ead of conveiil~;ona~ pivot ai-,d jewel systei-'-*. 

3. Hydrodynamic gas-bearing spin motor. 

4. Ceramic motor and gimbal construction. 

5. Approximately 3 in. long, 2 in. diameter, 1 lb weight. 

6.  Approximate performance, 0.02 deg/hr random drift. 

Prior to the initiation of a sterilization development 
program, an early version of the same gyro was loaned 
to JPL for evaluation. The results of these evaluations 
indicated that the gyro performance was sufficiently high 
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and the parameters sufficiently close to desired to allow 
particular parameter sizing and environmental capability 
development in order to qualify this instrument for fu- 
ture spacecraft missions requiring a high-performance, 
long-life sterilizable gyro. In addition to sterilization 
development, there are other areas of development being 
supported by JPL to tailor this gyro for future space- 
craft system use. These areas are briefly mentioned 
below in order to show the total development effort. 

1. High-g shock and vibration capability is being de- 
veloped to satisfy launch and preacquisition g-level 
requirements. 

2. Increased torquer scale factor with improved time 
and temperature stability is being developed. to 
simplify system applications. Increasing torquer 
scale factor will reduce the attitude-control package 
weight for existing systems by approximately 2 lb. 
Improved temperature stability can reduce calibra- 
tion requirements. 

3. A high-frequency suspension pump is being devel- 
oped to operate with the spin 'motor power source 
and thus reduce the types of power sources required 
for gyro operation. Suspension system bias torques 
are also being reduced to eliminate the need for 
electrical bias compensation. 

The sterilization development plan was organized into 
three phases as follows: 

1.-Review the existing gas-bearing gyro design to un- 
cover obvious, weak areas. Conduct materia1 studies 
and necessary component redesign to achieve a 
sterilizable gyro. 

2. Build and evaluate a dummy gyro test vehicle with- 
out .a spin motor to guide final gyro design and 
build. 

3. Design, build, and evaluate a final sterilizable gyro, 

1. Results of Phase 1 

a. Bonding agent evaluations. An evaluation program 
was conducted to determine structural epoxy strengths 
before and after sterilization. Test specimens were pre- 
pared by joining sainples of actual gyro materials with 
various epoxies. The specimens were strength-tested, 
sterilized, and then strength-tested again. The test results' 
indicated the best epoxies for particular applications. In 
general, the epoxies were stronger after sterilization than 
before. 

b. Gyro case evaluation. The original gyro design util- 
ized a case made of 7075 aluminum. Sterilization tests of 
gyro case test specimens made from 7075 and 6061 alu- 
minum indicated that the latter is about one order of 
magnitude more stable than the former. Thus, 6061 alu- 
minum was selected as the case material. 

c.  Diflerential thermal expansion investigation. Ther- 
mal expansion difference between dissimilar materials 
was investigated to uncover possible areas of overstress- 
ing during sterilization. The results of this investigation 
indicated that the spin motor hysteresis ring and hydro- 
static pump stator assembly presented thermal mismatch 
problems. These components were redesigned to tolerate 
differential expansion. 

d.  Flotation fluid evalwztion. Before the sterilization 
development program began, it was known that the exist- 
ing Bromolube flotation fluid could not withstand 145°C 
without chemical breakdown. Another flotation fluid, 
Fluorolube, was selected for evaluation with the com- 
ponent parts. Test samples representing actual gyro 
materials were immersed in Fluorolube and soaked at 
145°C for 1000 hr. Periodic tests were made to evaluate 
the chemical activity by measuring specimen weight 
changes and observing specimen surface appearance 
changes. In most cases, slight material changes did occur 
but were not of importance. In other cases, significant 
deterioration took place and appropriate material changes 
were made. 

e. Gimbal redesign. Fluorolube has a lower density 
than Bromolube, and therefore the gimbal density was 
reduced to maintain flotation, This was accomplished by 
reducing the gimbal cross section and increasing its 
length. The hydrostatic pump and pickoff and torquer 
assembly had to be moved and modified to allow for the 
gimbal changes. No problems developed in connection 
with this design change. 

2. Results of Phase 2: Dummy Gyro Test Vehicle 

Upon completion of the subcomponent and material 
studies, a dummy gyro test vehicle was constructed with- 
out a spin motor but with all other design changes in- 
cluded. This test vehicle was then evaluated for gimbal 
-torques before and after each of five sterilization cycles. 
The torque test results are tabulated in Table 4 as an 
equivalent drift rate in deg/hr. Stability from cycle to 
cycle is the most important consideration rather than 
absolute drift rate. 
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Flex lead 

torque, 
change, deg/hr 
deg/hr 

3OOOF Flex lead 
Run soak time, torque, 

hr deg/hr 

Table 4. Torque test results 

Fluid 

change' 
deg/hr 

Mass unbalance, deg/hr 

Input axis Spin axis 
Drift coefficient 

Cycle 3 

Cycle 4 

Cycle 5 21 

Reaction 

torque, deg/hr 

As indicated in Table 4, fluid torques are reasonably 
stable. This is an important result as it indicates relative 
stability of the case and gimbal near the fluid flow gaps. 
However, flex lead torque was very unstable and showed 
large changes from one cycle to the next. This problem 
was investigated and corrected by forming subsequent 
flex leads from a more stable material and cycling at a 
temperature well above 145°C before installation into 
the gyro. Additional evaluation of the improved flex leads 
indicated drift rate shifts from one sterilization cycle to 
the next on the order of 0.04 deg/hr. 

Reference run 

First sterilization, change 

Second sterilization, change 

Third sterilization, change 

3. Results of Phase 3: Final Gyro Design, Construction, 
and Evaluation 

Following the dummy gyro evaluation, the final gyro 
design and construction were completed, incorporating 
all improvements resulting from the investigation pro- 
gram. As part of the development program the contractor 
was required to establish the gyro presterilization per- 
formance coe%cients and then wbjec: the gyrc to five 
steriiization cycies with a standard perfo1iriaiii.e eva!ua- 
tion after each cycle (one sterilization cycle consists of 
a 36-hr soak at 145°C). The contractor progressed 
through the second sterilization cycle and performance 
was only slightly outside design goals. The goals are 
tabulated below as follows: 

Maximum change 
Performance coefficient from sterilization, deg/hr 

Mass unbalance . . . . . . . . . . . . t0.14 
Reaction torque . . . . . . . . . . . . k O . 1  

$0.53 -0.58 $0.09 

$0.08 +0.14 f 0 . 0 4  

-0.07 -0.15 fO.01 

+0.53 -0.74 +0.09 

After the third sterilization cycle, however, the spin- 
motor failed to start. The motor was released by snapping 
this gyro about its spin axis. It is believed that, in addi- 
tion to damage caused from sterilization, this snapping 
could easily have caused reaction torque and mass bal- 

ance changes. After the motor was released, the drift 
rates exceeded the design goal. All of the drift test results 
are given in Table 5. 

After a complete pre-teardown evaluation to locate the 
cause of failure, it was concluded that physical contact 
between the rotor and some nonrotating motor part was 
the probable cause. The gyro was then disassembled, and 
it was discovered that there was physical contact between 
the motor hysteresis ring and the stator cover. This con- 
tact resulted from stator cover distortion caused from 
thermal expansion differences between the stator cover 
and dissimilar materials in contact with it. This is one 
area that was overlooked in the design evaluation. Having 
discovered the problem area, additional material evalua- 
tion and design changes were undertaken. Subsequent ex- 
tensive evaluation of the redesigned spin motor assembly 
demonstrated that the redesigned stator cover could sur- 
vive sterilization without failure. However, a stator wind- 
ing shorted out after a number of sterilization cycles. This 
problem was solved by increasing the epoxy back fill to 
improve insulation. Following this correction the gyro 
was built up 2nd a reference performance evaluation was 

quent gyro teardown exposed a dielectric failure in the 
gimbal suspension pump. A new pump was built, with 
special care being exercised to prevent a recurrent failure. 
Again the gyro was rebuiit, and this time it weiit ih i i& 
the complete test sequence, including five sterilization 
cycles, without catastrophic failure. 

c"l,&.;c~* V-L- l l l G  --.. pGlfVIIIILIIIC.U ,.....-.o.,n., was erratic, and a subse- 

The test results are summarized in Fig. 6 and Table 6. 
Referring to Fig. 6, one can see that the mass unbalance 
and reaction torque have a definite trend with each ster- 
ilization cycle. The mass unbalance trend may be caused 
from flotation fluid absorption; the reaction torque shifts 
are probably due to flex lead null shifts. Fluid torque is 
reasonably stable, indicating case stability. The over- 
all performance shift with sterilization cycles did not 
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Random drift I4 hr, lo), 
deg / hr 

Torque shifts, deg/hr 

Run 
Reaction Mass unbalance, Mass unbalance, Output axis Input axis 

input axis spin reference axis vertical vertical 

- - - 0.003 0.002 

Cycle 1 -0.26 0.26 -0.34 0.003 0.002 

Cycle 2 

Cycle 3 

Cycle 4 -0.09 -0.08 -0.10 0.001 0.002 

torque 

Ref. 

-0.07 -0.02 -0.00 0.001 0.001 

-0.07 -0.08 -0.07 0.001 0.002 

Cycle 5 -0.04 -0.08 -0.13 0.002 0.003 

Drift trend, 
deg/hr 

Output axis Input axis 
vertical vertical 

0.0002 0.0007 

-0.0004 

0.0002 -0.0002 

-0.0005 -0.0010 

-0.0005 -0.0009 

0.0008 -0.0013 

- 0.0007 

meet performance goals. However, passing sterilization 
without catastrophic failure is considered a significant 
accomplishment in itself. 

Testing at JPL indicates that g-sensitive drift terms on 
this gyro are continuing to change while the g-sensitive 
drift rate appears to have stabilized. These trends can be 
seen on the data plot shown in Fig. 7. In addition to the 
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Fig. 7. Gyro data plot 

data shown, the gyro is also exhibiting a spin motor anom- 
aly wherein the synchronous speed cannot be reached at 
operating temperatures above approximately 13OOF.  Nor-' 
mal operating temperature is 180°F. It is presently 
thought, however, that this malfunction was caused by 
rotor damage during one of the buildup cycles and is 
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therefore not an effect of thermal sterilization. The prob- 
lems encountered during the proof sterilization cycles 
and in subsequent testing will be further studied on a 
second sterilization model presently being fabricated and 
planned for testing near the end of the year. 

G. Bell Model VI1 Accelerometer, W .  E. Bachrnan 

Early in 1964, Bell Aerosystems announced production 
of a miniaturized version of the Model IIIB accelerom- 
eter. This new design, designated the Model VII, was 
about one-half the weight and one-third the volume of 
the Model IIIB. JPL purchased two of these instruments 
for performance testing and preliminary sterilization eval- 

uation. These instruments were not rated for sterilization 
temperatures, but were to be used to explore problems 
associated with the higher (145°C) sterilization temper- 
atures. 

Both of the units have been under extensive test since 
early 1965 at JPL. The first unit was rejected within 
30 days for an abnormally high change of bias due to 
temperature cycling. This unit has now been returned 
and is being reevaluated at JPL. Early tests show a sig- 
nificant improvement in bias stability. The second accel- 
erometer performed somewhat better on bias shifts but 
failed under vibration testing in a catastrophic manner. 
This unit has also been returned to the vendor. 

ABSTRACTS 

Uchiyama, A. A., “Energy Storage,” Space Programs Summary N o .  37-15, Vol. IV, 
p. 78, Jet Propulsion Laboratory, Pasadena, California, June 30, 1962. (This article 
was erroneously attributed to R. F. Landel and B. G. Rloser.) 

A program was initiated to develop an energy storage device which can with- 
stand temperatures up to 145°C for periods up to 36 hours without serious 
degradation of the electrochemical design characteristics. A contract was awarded 
to the Delco Remy Division of General Alotors Corporation to study the feasi- 
bility of existing secondary silver-zinc cells for such purposes. The following 
parameters were to be studied: 

1. Plate and separator stability. 

2. Case design. 

3. Seal design. 

4. Material suitability. 

IT- 1111: CVlltlLLCL -0,- r n n C  fsr !!:is p h e  Y : ~ S  tc! !,e conc!udd hy lime lS1 1962. and a final 
report issued. Preliminary data indicated that presently aL7ailable cells are defi- 
cient in their ability to \vithstand the sterilization environment. 

Sweetnam, G. E., “Energy Storage,” Spacc Programs Strmmury hlo. 37-16, Vol. IV, 
pp. 102-103, Jet Propulsion Laboratory, Pasadena, California, April 31, 1962. 

A contract was awarded to the Delco Remy Division of General Slotors Cor- 
poration to investigate the feasibility of using existing secondary silver-zinc cells 
in a sterilizable spacecraft. Original tests were based on a 125’C heat steriliza- 
tion temperature requirement. At this temperature, inany problems were en- 
countered. Particularly, high internal pressures in cells during the sterilization 
cycle caused mechanical failure of the cell. The contract was extended to allow 
evaluation of the cells at 145°C. 
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Sweetnam, G. E., “Heat Sterilizable Batteries in Electrical Conversion,” Space 
Programs Summary No.  37-18, Vol. IV, pp. 62-63, Jet Propulsion Laboratory, 
Pasadena, California, December 31, 1962. 

Tests were conducted to determine the effect of heat sterilization on an existing 
silver-zinc battery and to identify problem areas. Results of the test are sum- 
marized. It is concluded that heat sterilization of sealed secondary batteries is 
feasible; however, development work will have to be performed on case design 
and separator combinations, and the effect on mechanical and electrical char- 
acteristics of the sterilization procedure will have to be evaluated. 

Uchiyama, A. A., and Arcand, G. M., “Battery Sterilization Studies,” Space Pro- 
grams Summary No. 37-30, V O ~ .  IV, p. 29-32, Jet Propulsion Laboratory, Pasa- 
dena, California, December 31, 1964. 

Present battery separator materials do not perform in a satisfactory manner. 
A contract has been issued to Radiation Applications, Inc., for the purpose of 
fabrication and testing of battery separator materials resistant to thermal steril- 
ization. An unsterilized cell yields a power output of about 30 w-hr/lb. A similar 
cell with structural reinforcements yields approximately 10 w-hr/lb after steril- 
ization. The oxides of silver used in the battery plates are somewhat unstable at 
sterilization temperatures, and decompose to yield metallic silver. 

Lutwack, R., “Development of Separators for Heat-Sterilizable Batteries,” Space 
Programs Summary No.  37-31, Vol. IV, p. 65, Jet Propulsion Laboratory, Pasa- 
dena, California, February 28, 1965. 

Presently available battery separators for silver-zinc batteries frequently fail 
catastrophically during the type-approval sterilization cycle of 145°C for 36 hr. 
,4 contract has been awarded to Radiation Applications, Inc., to investigate the 
performance of polyethylene grafted with acrylic acid. Preliminary results are 
reported. 
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VIII. ENGINEERING MECHANICS 

JPL’s Engineering Mechanics Division has the respon- 
sibility for spacecraft materials, electronic packaging, 
structures, dynamics, mechanisms, and environmental 
survival. The spacecraft sterilization requirement is of 
particular significance in the areas of materials and elec- 
tronic packaging. Programs have been completed or are 
presently underway to determine the effects of steriliza- 
tion on decelerator parachute tnaterials, polymeric prod- 
ucts and formulations, temperature control surfaces, 
electrical soldered and welded connections, and elec- 
tronic packaging processes. A parachute sterilization 
study has been completed and concludes that fabric 
parachute decelerators are feasible with proper design 
and material selection. Future programs are planned to 
investigate impact limiter materials, electrical cables and 
connectors, and typical electronic assemblies. 

Two programs are reported here: polymeric products 
and electrical connections. Work on the polymer task is 
about half completed and indicates a sufficient number 
of materials can endure sterilization satisfactorily. The 
evaluation of electrical connections is in too early a stage 
to draw any conclusions but is reported here to illustrate 
some of the problems caused by sterilization of electronic 
packaging. 

A. Sterilization of Polymeric Materials, H. Harvey 

When the requirement to sterilize planetary spacecraft 
was established in 1963, there was anticipation of prob- 
lems ahead with the polymeric products* then in use. 
There was good reason for this concern: only two years 
earlier, when the Ranger lunar spacecraft was to be ster- 
ilized, considerable difficulty was encountered. Encap- 
sulating materials shrank, causing electronic equipment 
failures; elastomeric seals leaked, and wire insulation 
cracked. If similar problems are to be avoided on the 
Voyager Project, polymers compatible with sterilization 
must be identified. To accomplish this, a test program is 
underway to evaluate these products after exposure to 
the sterilization environments. Some of the program high- 
lights are reviewed here. 

The procedure developed for sterilizing spacecraft may 
be accomplished in two steps. The first is a decontamina- 
tion procedure to lower the microbiological population; 
the second is a thermal sterilization cycle that kills the 

’Products are defined as conlpounded polymeric formulations sold 
under a trade name, 

remaining organisms. Decontamination is done with a 
gaseous mixture of ethylene oxide and Freon-12, which is 
applied at the subassembly level and to the entire space- 
craft after it is completely assembled. Thermal steriliza- 
tion is performed by subjecting the completed spacecraft 
to 135°C for a period of 24 hr. 

To insure that flight hardware will survive sterilization, 
it is necessary to test and evaluate identical hardware by 
subjecting it to a “type approval” treatment which is a 
little more severe than the actual flight sterilization treat- 
ments used. These “type approval” requirements are 
stated in two JPL Specifications: GMO-50198-ETS, cov- 
ering decontamination, and XSO-30275-TST-A, covering 
thermal sterilization. The first specification requires ex- 
posure to a mixture of 12% ethylene oxide and 88% 
Freon.12 at a relative humidity of 30-50% during two 
24-hr cycles, one at 24°C and the other at 40°C. The 
second specification requires a three-cycle exposure at a 
temperature of 145°C in dry nitrogen, the duration of 
each cycle being 36 hr. Basically, these specifications have 
been used to evaluate polymers in this test program. 

The use of polymeric products on spacecraft is exten- 
sive. A typical example is the Mariner IV electronic sub- 
assembly shown in Fig. 1. Some of the products in this 
unit’ are epoxy adhesives, Teflon-insulated wire, epoxy 
and polyurethane encapsulants, Teflon and polyolefin 
sleeving, and polyurethane conformal coating. The largest 
use of polymers is in the area of electronic packaging, 
with electrical cabling and associated hardware a close 
secoed. Other uses (in addition to electrical) are typically 
for thermal insulation, seals, bearings, structural adhe- 
sives, battery cases, and potting. The success of future 
space missions depends on reliable performance of these 
products. 

This program is aimed at evaluating polymers for the 
effects of decontamination and sterilization’ only. It must 
be understood that many other factors such as vacuum 
stability and radiation resistance must be evaluated before 
material is qualified for spacecraft use. 

1. Test Program 

The selection of polymeric products to be tested was 
given careful consideration. It was decided that products 
already used in spacecraft applications should be evalu- 
ated first instead of looking for new products that might 
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P O L Y U R E T H A N E  

Fig. 1 .  Mariner IV electronic subassembly 

be more amenable to sterilization. This approach has 
several advantages. For example, these polymers have 
already been proved capable of meeting the demands of 
spacecraft service, and some of them have been the sub- 
ject of considera1)le effort expended over the years in the 
tlevclopment of processing techniques, specifications, and 
approved product sources. The program \vas started by 
testing the prodiicts iised on Ranger and Jlnriner space- 
craft. The prodncts presently undcr test are shown in 
Table 1 together with product types and suppliers. 

The test plan iised for evaluating materials is shown 
in Fig. 2.  It is accomplished in four steps, (1) preliminary 
screening, ( 2 )  ethylenc oxide evaliiation, ( 3 )  thermal eval- 
uation, and (4) a coin1)inntion of cthylc~ic oxide and ther- 
mal evaluation. Products that pass preliminary screcwilig 
are continued on through thc remaining step of thc pro- 
gram. Preliminary screening is carried orit so a s  to dis- 
covrr the very poor prodiicts early, 1)c.forv milch effort is 
expended on them. This screening is accomplished 1jy 
exposing each product to a single 36-hr cycle at 145°C 
and evaluating it for visual effects, volume change, weight 

change and, in some cases, tensile strength. If the screen- 
ing tests show any gross changes in properties, the prod- 
uct is rated incompatible with sterilization and is not 
tested further. 

Products that pass preliminary screening are subjected 
to further exposures and testing. The next step for prod- 
ucts that pass screening is exposure to the three-cycle 
heat environment. The products that fail this exposure 
are dropped from the program. The products that pass 
are carefulIy considered, and a selected number for each 
spacecraft application are continued on through ethylene 
oxide exposure and the combination ethylene oxide and 
heat exposure. 

Exposure to the ethylene oxide and thermal environ- 
ment is done in accordance with the type approval treat- 
ments previously described, except that the thermal 
treatment is increased in temperature to 149°C and the 
time for each cycle is increased to 40 hr to provide a little 
margin over the type approval treatments previously 
described. 

After a product is exposed to heat, ethylene oxide, or 
the combined environment, it is tested to determine if it 
has been degraded. To completely evaluate each polymer 
for its actiial spacecraft application would require a very 
large and complex test program. Because funds and time 
are not available for such a program, a simpler approach 
is taken. Products in the program are divided by function 
into seven categories: adhesives, coatings, encapsulants, 
films, reinforced and unreinforced plastics, elastomers, 
and tapes. Standard test methods are selected for evalu- 
ating products in each category ( w e  Table 2 ) .  The dis- 
advantage in this approach is that it only screens products 
and does not actually qualify them for use on the space- 
craft; many other tests must be performed before a prod- 
uct can be truly qualified for spacecraft use. 13ut the 
method does provide a good basis for selecting products 
which will later be evaluated more fully for specific 
applic a t '  ion. 

Reviewing the technical literature available on temper- 
ature and ethylene oxide effects on polymers, we hoped 
to find some help in making sclcxtions of products com- 
patilde \vith sterilization. hliich information was available 
relative to thermal cff ects on piire polymers, but it was 
surprising to find how little there ww on compounded 
products. \\'e did not expect to find much on compati- 
Idity with cdiylene oxide, altho~igh a small amount of 
such work was done in the early part of the Strrz;cyor 
Project. 
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Table 1. Polymeric products presently being evaluated for the effects 
of ethylene-oxide decontamination and thermal sterilization 

Tradename 

A-4000 
R-823 
206 Cement 
3022 
EC-1614 A/B 
EC-2216 A/B 
Eccobond 5519 
Eccobond 5511 1 
Eccobond 56C19 
Eccobond 57C-A/B 
Epon 0 / A  
Epon 422 
Epon 8 2 8 I A  
Epon 82812  
Epon 90118-1 
Epon 90118-3 
Epon 924A10 
FM 9 6  
FM 1044 
GT 200 
HT 424 
A2/A 

Pro-seol 501 
RTV 102 
RTV 108 
RTV 140 
Eccobond 26A/B 
EC 1103 
RTV 891 

Hysol 515013690 

PC 12-007A/B 

E-3022 

Polycel 440R 
PR 1 5 27A/ B 
PRl930- v2 
Pro-seal 777 
Scotchcast 3 

Stycast 109019 
Stycast 1095/  1 1 
RTV 601T12 
Hopex 120011210 
RTV 11 I T 1  2 
Stycast 2850 GT/9 
PR1930-2 
Scotchcast 241A lB  

Stycost 305019 
Stycast 109519 
Stycost 1264 A I 8  

Stycast 2741 115  
Eccocoat IC-2 
Eccosil 5000 

Sy!g=rd 1 8 2  

Adhesives 

Manufacturer 

Dow Corning 
Carl H. Biggs 
Coram 
Epoxy Products 
3 -M 
3-M 
Emerson Cuming 
Emerson Cuming 
Emerson Cuming 
Emerson Cuming 
Shell Chemical 
Shell Chemical 
Shell Chemical 
Shell Chemical 
Shell Chemical 
Shell Chemical 
Shell Chemical 
Bloomingdole Rubber 
Bloomingdale Rubber 
Schjedahl 
Bloomingdale Rubber 
Armstrong Products 
Hysol 
Coast Pro-seal 
General Electric 
General Electric 
Dow Corning 
Dow Corning 
3 - M  
Dow Corning 
Epoxy Products 
Hysol 

Encapsulants 

Polytran 
Products Research 
Products Research 
Coast Pro-seal 
3 - M  
Daw Corning 
Emerson Cuming 
Emerson Cuming 
General Electric 
Hastings Plastics 
General Electric 
Emerson Cuming 
Products Research 

Emerson Cuming 
Emerson Cuming 
Emerson Cuming 
Emerson Cumin9 
Emerson Cuming 
Emerson Cuming 

3 - M  

Material type 

Silicone 

EPOXY 
Polychloroprene 

EPOXY 
Epoxy polyamide 

EPOXY 
EPOXY 
EPOXY 
EPOXY 
EPOXY 
EPOXY 

EPOXY 

EPOXY 

EPOXY 
EPOXY 

EPOXY 
EPOXY 
Epoxy polyamide 
Polyester 
Epoxy phenolic 
Epoxy filled 

Polysulfide 
Silicone 
Silicone 
Silicone 

Epoxy phenolic 

EPOXY 

EPOXY 
EPOXY 

EPOXY 

Silicone 

Epoxy polyamide 

Polyurethane 
Polyurethane 
Silicone 
Polyurethane 

Silicone 
EPOXY 

EPOXY 
EPOXY 

EPOXY 

EPOXY 

EPOXY 
EPOXY 
EPOXY 
EPOXY 
EPOXY 

Silicone 

Silicone 

Silicone 

Polyurethane 
Silicone 
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Table 1 (Cont'dl 

Encapsulants (Cont'd) 

Tradename I Manufacturer I Material type 

Stycast 2651 / 11 
Solithane 11 3 /300  
Epocost 212/951 
Selectron 51 19 
Hysal 4251 (C7-4251) 
Epocast 202/9615 
Eccofoam FPI l2 -6  
Eccofoam S 
Apco Foam 1414-1.5lEPY 

Emerson Cuming 
Thiokol Chemical 
Furane Plastics 
Pittsburgh Plate Glass 
Hysol 
Furane Plastics 
Emerson Cuming 
Emerson Cuming 
Applied Plastics 

AMS 3 195 

Hadbar 1000/80 
Hadbar 5000 /50  

NO. 805-70 

1-308-8 
L-449-6/60 
N-195-7/70 
PMP-6035 
PMP-6100 
PMP-4201lAE 
RTV 501 
RTV 615 A/B 
No. 1814 
5-4 17-7 
No. 1050-70 
NO. 391-5 
NO. 391-7 
SR-349-70 
Viton 77-545 
Viton 8-60 
Viton 6-95 
8-3 18-7/70 
Hadbar 4000/80 
Hadbar XB800-71 

RC-5 
Silastic 1410 

RC-5 NO. 1852 

SR 613-75 

8-276 
Cat-a-lac 443-1 
Cat-a-lac 463-1 
Corlar 5851586 
Eccocoat VE A/B 
Eccosil 33 
Varnish 22OF 
Hi-Heat Paint 171 -A-28 
Insl-X-lJ86 
Interchemical 1241 2 
Larninar-X5OO (white) 
W 2374 
PR-1902 

Elastomers 

Rubatex Mfg. 
Plastic and Rubber Products 
Hodbar 
Hadbar 
Parker Seal 
Parker Seal 
Parker Seal 
Pacific Molded Products 
Pocific Molded Products 
Pocific Molded Products 
Dow Corning 
General Electric 
W. J. Voit 
Parker Seal 
Plastic and Rubber Products 
Rubatex 
Rubatex 
Stillman Rubber 
Parker Seal 
DuPont 
DuPont 
Parker Sea I 
Hadbor 
Hadbor 
Rubbercraft 
Rubbercraft 
Dow Corning 
Stillman Rubber 

Coatings 

Westinghouse 
Finch Paint and Chemical 
Finch Paint and Chemical 
DuPont 
EGerson Cuming 
Emerson Cuming 
Westinghouse 
Fuller Paint 
Insl-X Products 
Interchemical 
Magna Chemical 
Fuller Paint 
Product Research 

EPOXY 
Polyurethane 

EPOXY 
Pol yes ter 
Epoxy polyester 

Epoxy 
Polyurethane 
Polyurethane 
Polyurethane 

Silicone sponge 
Butyl 
Fluorosilicone 
Fluorosilicone 
Fluorosilicone 
Fluorasilicone 
Nitrile 
Silicone 
Silicone 
Neoprene 
Silicone 
Silicone 
Butyl 
Silicone 
Silicone 
Silicone 
Silicone 
Buna N 
Fluorocarbon 
Fluorocarbon 
Fluorocarbon 
Butyl 
Silicone 
Butyl 
Neoprene 
Silicone 
Silicone 
Butyl 

EPOXY 
EPOXY 
EPOXY 
EPOXY 
EPOXY 
Silicone 
AI kyd 
Siliconelaluminum 
Melamine 
Fluorasilicone 
Polyurethane 
Alkyd/silicone 
Silicone 
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DuPont 
DuPont 
DuPont 
DuPont 
DuPont 
DuPont 
DuPont 

H-Film (Kapton) 
Mylor Type C (1 mil) 
Mylar Type D (3 mil) 
Mylor Type M22 (1 mil) 
Tedlor 200 AM 30wH 
Mylar Type A (10 mil) 
Mylar Type HS (0.65 mil) 
Mylar Type D (5 mil) 

Table 1 ICont’d) 

Poly imide 
Polyester 
Polyester 
Polyester 
Polyvinyl fluoride 
Polyester 

Tradename 

TUF-ON 747-8 
UC-11659 
Uralone 241 /973 
Electrofilm 2396 
Electrofilm 4306 
Alkanex Varnish 9522 
B224-2 Varnish 
Cot-a-lac 463-1 -8  
Eccocoat EC200 
NO. 445 Silicone 
Pyre-ML Varnish (RK-692) 
SR-290 

Diallylphthalate 
DC-1 1 
DC-200-350CS 
Versilube F50 

Diall 52-20-30 
Diall FS-4 
Diall FS-10 
EG-758-T 
Fiberglass 91 LD 
Micarto H-5834 
Laminate 500J 
EG 752 
Laminote NS 
Lexan 103-1 12 
Lexan 133-1 22 
Micarta 8457G-10 
Micorto Grade 238 
Micorto H17480 (G-10) 
Micarta H-2497 (G-11) 
Micorto HY180 (G-10) 

Micarta LE-221 
XP-206 

Union Carbide Phthalate ester 
Dow Corning Silicone 
Dow Corning Poly(dimethy1siloxane) 
Generol Electric Silicone 

Coatings Kont’dl 

Manufacturer 

Brooklyn Paint and Varnish 
Pittsburgh Plote Glass 
Furone Plastics 
Electrofilm 
Electrofilm 
General Electric 
Westinghouse 
Finch Point and Chemical 
Emerson Cuming 
Sinclair Paint 
DuPont 
General Electric 

Reinforced and unreinforced plastics 

Mesa Plastics 
Mesa Plastics 
Mesa Plastics 
Mica 
Americon Reinforced Plastics 
Westinghouse 
Budd 
Mica 
Plastic Center 
Generol Electric 
General Electric 
Westinghouse 
Westinghouse 
Westinghouse 
Westinghouse 
Westinghouse 
Westinghouse 
3 - M  

Fiims 

Material type 

Phenol aldehyde 
Silicone/aluminum 
Polyurethane 
Sodium silicate/MoSz 

Phenolic/MoS? 
Alkyd polyester 
Alkyd 

EPOXY 
EPOXY 
Silicone 
Polyimide 
Silicone 

Diallyl phthalate 
Diollyl phthalate 
Diollyl phtholote 

Epoxy/glass 
Phenolic/glass 
Phenolic/glass 
Epoxy/glass/Cu 
Epoxy/glass 
Phenolic nylon/glass 
Polycarbonate 
Polycarbonate 
Epoxy/glass 
Phenolic/linen fabric 

Epoxy/glass 
Phenolic 
Phenolic 
Phenolic/linen 
Epoxy/glass 

Aeroshell 7A 
Apieron Grease T 
DC-5 

Shell Chemical 
Shell Chemical 
Dow Corning 

Polyester/lithium soap 
Hydrocarbon 
Phenylmethyl siloxane 

93 



JPL TECHNICAL REPORT NO.  32-853 

Tradename Manufacturer 

Mystic 7000 Mystik Tape Products 

Mystik Tope Products Mystic 7351 
Scotch No. 6 7  3-M 
Tape No. 27 3-M 
Tape No. 7455 Mystik Tope Products 

Table 1 (Cont’d) 

Material type 

Glass fabric/silicone 
Adhes. 
Mylarlrubber adhes. 
Gloss fobric/epoxy 
Gloss fobric/epoxy 
Al-glass/silicone adhes. 

Impregnated fabrics 

Silicone/dacran SRD 5905 3-M 

Ink 

D25W2 Sherwin Williomr Alkyd 
No. 73X Independent Ink Proprietary 
Permo-dri-ink 177 Acme Marking Device Proprietary 

, 

Table 2. Tests for evaluating compatibility of polymers with decontamination and sterilization treatments 

Test 

Tensile strength 

Elongotion 

Tensile shear strength 

Adhesion 

Compression set 

Tear resistance 

Hardness 

Viscosity/penetration 

Volume change 

Volume resistivity 

Surface resistivity 

Dielectric strength 

Flexibility 

tdhesives 

X 

Coatings Elastomers 

Product category 

Encapsu- 
l a n k  

Ylanufacturers’ bidletins and catalogs proved to be 

Films 

plastics 

Tapes Test Method 

ASTM D-638, D-412, 0-882 

FTMS 175-1033/ASTM D-100 

ASTM D- 2 1 9 7  

ASTM D-395 

ASTM D-624 

ASTM D-676/ASTM D-1706 

ASTM D-2196, ASTM D-273 

ASTM D-257 

ASTM D-257 

ASTM D-257 

FTMS 141-6223 

L 

good source of information. They usually contained some 
clue to the heat compatibility of specific products. In 
most cases this information was given as a maximum 

useful temperature. In addition, milch information was 
gained on both the methods for mixing and preparing 
products properly and on the room temperature proper- 
ties of these products. 
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CANDIDATE POLYMERIC PRODUCTS 
FOR SPACECRAFT APPLICATIONS 

CONTROL PROPERTY MESUR EM EN TS 
PHYSICAL AND MECHANICAL PROPERTIES 

ARE DETERMINED ON UNEXPOSED 
PRODUCTS AS A BASIS FOR COMPARISON 

I 

PRELIMINARY HEAT EXPOSURE 
A L L  PRODUCTS ARE GIVEN I CYCLE OF 
40 hr AT 149OC 

EVALUATION OF EFFECTS 
L I M I T E D  PHYSICAL AND MECHANICAL 

PROPERTIES MEASURED AND COMPARED 
TO CONTROLS; INCOMPATIBLE PRODUCTS 
EL IMINATED 

I TYPE APPROVAL HEAT EXPOSURE I 
I I PRODUCTS SURVIVING PRELIMINARY HEAT 

EXPOSURE RECEIVE 3 CYCLES OF 40 hr 
I EACH AT 149OC I 

EVALUATION OF EFFECTS 

MEASURED AND COMPARED TO CONTROLS 
PHYSICAL AND MECHANICAL PROPERTIES 

1 

~ 

TYPE APPROVAL ETO* EXPOSURE 
PRODUCTS SURVIVING HEAT EXPOSURE 

RECEIVE 24 hr AT 24OC AND 24 hr AT 
4OoC I N  A MIXTURE OF 12% ETHYLENE 
OXIDE AND 88% FREON I2 

PHYSICAL AND MECHANICAL PROPERTIES 
MEASURED AND COMPARED TO CONTROLS 

COMBINATION ETO* 
AND HEAT EXPOSURE 

PRODUCTS SURVIVING HEAT EXPOSURE 
RECEIVE 2 4  hr AT 24OC AND 2 4  hr AT 
4OoC IN A MIXTURE OF 12% ETHYLENE 
OXIDE AND 88'/0 FREON-I2 FOLLOWED BY 
3 CYCLES O F 4 0  hr EACH AT 149OC 

EVALUATION OF EFFECTS 

MEASURED AND COMPARED TO CONTROLS 
PHYSICAL AND MECHANICAL PROPERTIES 

I 
I 

1 I I *  ETHYLENE OXIDE 
STERILIZABLE POLYMERIC 

PRODUCTS LIST 

Fig. 2. Plan for evaluating polymeric products for the effects of ethylene oxide decontamination and 
thermal sterilization 
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2. Results 

Each product evaluated in this program is rated in one 
of three classes: compatible, marginal, or incompatible. 
The criteria used are very simple. For a material to be 
compatible its property data after exposure must show 
no degradation. A marginal rating is given when some 
loss in properties occur, and only when a product is de- 
graded so badly that its usefulness is limited is it rated 
incompatible. Where the line should be drawn between 
marginal and incompatible is established by judgment. 
Products rated marginal or incompatible should be used 
only after careful consideration. However, if their losses 
in properties can be tolerated, these products still can be 
used in special situations where compatible materials 
cannot meet requirements. It is important, however, to 
carefully study property changes with respect to intended 
use. A change in any property indicates a lack of stability 
in the product. 

The results obtained in the program show the majority 
of products to be compatible with sterilization. Data 
obtained so far show about 20 to 25% of the products 
tested to be marginal or incompatible. Most products 
show considerable resistance to heat and ethylene oxide 
exposure. In fact, some products are actually improved 
after heat cycling. The few products found incompatible 
or marginal appear to have compatible substitutes. Al- 
though much testing remains to be done, we are confident 
that no unsurmountable problems exist with thc use of 
polymeric products on sterilized spacecraft. 

Of the adhesives evaluated for thermal exposure, only 
six have thus far been found degraded. These all suf- 
fered from a loss in shear strength. Several other adhe- 
sives tested had increased shear strength after exposure. 
This probably is due to post-curing brought on during 
thermal cycling. 

Encapsulants appear to be the only category where a 
potential problem exists. Of seven products tested, three 
had excessive volume changes after either heat or ethylene 
oxide exposure-one as high as 3.7%. Two others ex- 
perienced a considerable reduction in hardness. A small 
volume change in these materials is critical to their suc- 
cessful use. 

The data on products in most other categories show 
only a few products in each category to be affected. 
Reinforced and unreinforced plastics show very good 
resistance, with only two marginal ratings up to now. 
Among the elastomers, four products were found to be 

marginal because of loss in strength and increased hard- 
ness. All of the coatings have so far been found com- 
patible, except for three temperature-control coatings 
that discolored. The only startling results obtained are 
on two very excellent high-temperature films, H-films 
and Tedlar 200. Both of these lost significantly in tensiIe 
strength and elongation after exposure to ethylene oxide. 
Subsequent exposure to heat restored some of the 
strength to the H-films. 

The completed results on the list of products now in 
the test program should be available in the near future. 
If everything goes according to schedule, the thermal 
exposure testing should be completed sometime in De- 
cember 1965; the other two testing exposures should be 
completed sometime early in 1966. 

3. Discussion 

The resistance to thermal exposure is difficult to pre- 
dict for polymeric products that are compounded with 
other ingredients. Most of the base polymers used in 
preparing products are thermally stable. Typically, they 
are silicones, epoxies, phenolics, fluorocarbons, and poly- 
urethanes. However, in compounding products to do a 
specific job, ingredients are added to alter the natural 
properties of the base polymer that also can alter the 
heat resistance of the product. These ingredients are 
classified as plasticizers, curing agents, flexibilizers, ac- 
celerators, stabilizers. flow-control agents, pigments, and 
fillers. They are used to improve flexibility, resilience, 
impact resistance, and water vapor transmission, to lower 
shrinkage, to raise or lower viscosity, to increase pot 
life, to lower exothermic temperature rise, to reduce 
cost, to lower density, to improve adhesion, etc. With 
these modifiers, the properties of the base polymers can 
be changed to fit many applications (which is what makes 
polymers so versatile). 

If only the pure base polymers were being dealt with, 
the job would be easy. These polymers have been studied 
by several investigators and have been found quite stable 
even after exposure to temperatures above that with 
which we are concerned. Decomposition of the base 
polymer is not the problem. What happc~ns to the othcr 
ingredients is what causes troiildc. 3lany ingredients are 
volatile; some are decomposcd; some react adversely 
with other ingredients or with the base polymer. These 
are the factors that change the propcrties of products 
that have been degraded by thermal Sterilization. . 

Unfortunately, the formulations of polymeric products 
are usually proprietary. Without information on specific 
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ingredients, the behavior of a product when heated can- 
not be understood. Because of this, the thermal stability 
of most products cannot be predicted until tested. 

Although ethylene oxide and Freon-12 are not con- 
sidered to be very reactive with materials, there is some 
concern for their compatibility with polymers. Chem- 
ically, it is possible for ethylene oxide to interact with a 
polymer by physical absorption or chemical reaction; 
both could affect the properties of the product. The 
requirement that a product be compatible with the cam- 
bined effect of ethylene oxide and Freon exposure fol- 
lowed by heat exposure can cause additional problems. It 
is apparent that any chemical reaction taking place be- 
tween the ethylene oxide and the polymer (or any of its 
modifiying ingredients) would be accelerated by the 
145°C temperature of the heat exposure. Freon-12 used 
as a diluent in the decontamination gas mixture does 
not react chemically with most materials. However, it 
does have solvent properties that can cause swelling of 
some polymers. There is information reported in the lit- 
erature on swelling of elastomers after prolonged con- 
tact with liquid Freon-12. Some evidence has been found 
in this program to show that .Freon-12 has a similar 
effect on both elastomers and encapsulants. 

' 

' 

From test data so far obtained, it appears that exposure 
to the mixture of ethylene oxide and Freon-12 is not 
very damaging to most polymeric products. Significant 
effects have been found in only two materials, Tedlar- 
200 and H-film, as previously stated. Physical absorption 
is believed to be responsible for this behavior, since sub- 
sequent thermal exposure of the H-film restores some 
of its lost strength. However, some chemical reaction 
cou!d have taken place, and a careful investigation of 
these effects is being conducted. It is possibie that thin 
films may be severely degraded by reactions that would 
be superficial in a more massive product and therefore 
could go undetected. 

B. Effects of Sterilization on Electrical 
Connections, R .  Holtze 

Present-day spacecraft electronic assemblies consist of 
a combination of complex electronic and electromechani- 
cal equipment. This equipment, in turn, is comprised of 
subassemblies, modules, and components of various ma- 
terials and shapes which must be interconnected for 
electrical continuity and packaged or fastened together 
for subsequent assembly. Figure 3 shows a typical elec- 
tronic package. Current concern in this area is to reduce 
size, simplify replacement, provide environmental pro- 
tection, and assure high reliability. 

Fig. 3. Typical electronic package 

Most of the electrical connections in these packages 
are made by soft soldering and resistance welding. 
Figure 3 shows various types of electronic components 
with leads soldered to terminals. Figure 4 illustrates the 
resistance-welded joints in a cordwood module. 

Fig. 4. C rdwood module, sistan e-1 telded joints 
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1. Problem Discussion 

The electrical connections, which are ordinarily re- 
quired to withstand harness assembly load and environ- 
ments such as shock and vibration, now additionally are 
required to withstand heat sterilization treatments. With 
such complex assemblies of dissimilar materials of various 
forms and sizes, thermal expansion imposed by heat 
sterilization can seriously degrade the reliability of elec- 
trical connections insofar as their continuity and function 
are concerned. In addition to determining the external 
loads on the soldered and welded joints, information is 
needed on the effects of the heat sterilization treatment 
on the joints. Although the effects of heat on the welded 
joints are not expected to be serious, the soldered joints 
may he appreciably affected. 

A literature search revealed that although there is a 
substantial amount of data on the properties of solder in 
the temperature region of 300"F, there is little informa- 
tion on the properties and behavior of soldered joints 
at this temperature and after exposure to this tempera- 
ture. It is almost impossible to avoid some harness as- 
sembly loads on connector cup soldered joints; therefore, 
the strength of these joints during the heat sterilization 
compatibility test time and at the required temperature 
(three 36-hr cycles at 29'3°F) was ascertained. The me- 
chanical and electrical properties of a variety of soldered 
joint material cornhinations after heat sterilization are 
required in order to determine if changes are necessary 
for soldered joints in sterilizable electronic equipment. 

\Ietallurgical changes in the solder, if any, are not 
expected to be of consequence. However, the differences 
in thermal expansion of the joined dissimilar metals, 
caused by heat sterilization, could have a substantial 
effect on the interface characteristics. 

Since cable connectors consist of both metallic and 
polymeric materials, the effects of ethylene oxide decon- 
tamination as well as heat sterilization on the electrical 
properties and dimensional stabilities of some existing 
connector designs remain to be ascertained. 

2. Test Plan 

A tcst program which dealt with eleven different mate- 
rial combinations for soldercd joints and seven material 
combinations for resistance-welded joints was initiated 
under contract. The program included mechanical 
strength tests and electrical tests of joints before and 
after heat sterilization, These electrical tests were con- 
ducted before, during, and after vibration. In addition, 
stress-rupture strength tests at sterilization temperature 

were conducted on two types of connector cup to stranded 
conductor soldered joints. 

Test work was also performed to determine the effect 
of ethylene oxide decontamination and heat sterilization 
treatments on the solderability of the various materials 
used in the fabrication of solder joints. Metallographic 
examinations and solderability determinations were made 
on the joint materials both before and after the ethylene 
oxide and heat sterilization treatments. This work was 
performed to determine possible problem areas in mak- 
ing equipment modifications and repairs involving sol- 
dering after preliminary decontamination and sterilization 
treatments. 

3. Results 

An analysis of the test results showed, with one excep- 
tion, that no appreciable changes occurred in the physical 
or electrical properties of the soldered or welded joints 
due to heat sterilization. The most significant degrada- 
tion observed in the tests on soldered joints occurred 
during the stress-rupture tests of the stranded conductor 
to connector cup joint. It was determined that the stress- 
rupture strength for 108 hr at room temperature was 
about 70% of the short-time ultimate strength but that 
the stress-rupture strength for 108 hr at 145°C was only 
about 5 %  of the short-time ultimate strength at room 
temperature. 

Solderability tests of the materials specified for solder 
joints indicated no apprcciable effect resulting from the 
ethylene oxide decontamination treatment. The heat 
sterilization treatment did result in poorer solderability 
of two materials : the solder-coated bifurcated terminals 
and the gold-plated Dumet leads with nickel undercoat. 

The investigation of sterilization effects on connectors 
has not been completed at this time. 

4. Future Work 

Additional work will be done to evaluate high- 
temperature solders for soldering of stranded wires in 
connector cups. The Sn-63 solder has such low strength 
at sterilization temperatures that various presently used 
joint design configurations should be tested to determine 
if high-temperature solders or other joining methods are 
necessary. 

The results of the tests on connectors will be evaluated 
to determine if improvements in connector materials or 
design are needed in order to produce sterilizable con- 
nectors with satisfactory performance characteristics. 
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IX. PROPULSION AND PYROTECHNICS 

The Propulsion Division is responsible for research, 
advanced development, and flight program support in 
the fields of chemical, nuclear, and electric propulsion 
systems and related devices. The Division also carries 
out propulsion system studies and assists in the formula- 
tion, monitoring, and direction of industrial contracts in 
the propulsion area. sterilization environments. 

To implement the sterilization requirements, the Divi- 
sion has demonstrated that a polyurethane solid propel- 
lant can be decontaminated by using ethylene oxide 
during propellant mixing. Also, the Division is conduct- 
ing studies and experiments which will yield propellants 
and propulsion-related devices capable of withstanding 

ABSTRACTS 

e Montgorncry, L. C., “Sterilization of Solid Propellants,” Space Programs Summary 
No. 37-17, Vol. IV, pp. 170-171, Jet Propulsion Laboratory, Pasadena, California, 
October 30, 1962. 

Montgomery, L. C., “Sterilization of Composite Solid Propellant,” Space Pro- 
grams Summary No. 37-2.3, Vol. IV, pp. 76-77, Jet Propulsion Laboratory, Pasa- 
dena, California, October 31, 1963. 

Early exploratory studies showed that polyurethane propellant is not sporicidal 
per se; therefore, it became necessary to determine the feasibility of introdwing 
a chemical sterilant into the propellant. Two approachs, both of which use an 
ethylene oxide gas mixture as sterilant, are possible. They are (1) to diffuse the 
gas into the bulk of previously cast and cured propellant, and (2) to introduce 
ethylene oxide into the propellant during mixing and before curing. 

Both techniques are capable of producing satisfactory decontaminated pro- 
pellant; however, the diffusion technique is quite slow, because the penetration 
rate of ethylene oxide into the polyurethane hinder is approximately 0.0156 in./hr, 
and the diffusion rate into the propellant is slightly slower. Using the technique 
incorporating liquid ethylene oxide in the propellant mixture, one dummy and 
two live motors of the Syncom design have been cast using heat-sterilized motor 
cases and casting the motors under sterile conditions. The live motors have 
shown satisfactory operation. 

0 Montgomery, L. C., “Sterilization of Solid Propellants,” S p c e  Programs Sum- 
mary No. 37-20, Vol. IV, pp. 58-60, Jet Propulsion Laboratory, Pasadena, Cali- 
fornia, April 30, 1963. 

Recently obtained results show that complete sterilization of a propulsion 
module having state-of-the-art performance can be accomplished. The major 
breakthrough that allows chemical sterilization of propellant is the demonstra- 
tion that the introduction of liquid ethylene oxide in percentages up to 16% by 
weight of the binder does not degrade the propellant and also destroys an 
inoculum of 1.3 X 10‘; spores per cc of Bacillzrs subtilis var. niger. A concentration 
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of 6% ethylene oxide in the propellant has been found compIetely satisfactory 
from the standpoints of a bacteriology as well as propellant performance in tensile 
bars and burning rate strands. The remaining work on the study is to demonstrate 
the casting and performance of a complete self-sterilized motor. 

0 “Sterilizable Propulsion Systems,” Spuce Programs Summary No. 37-22, Vol. 11, 
Part IV-B, Jet Propulsion Laboratory, Pasadena, California (Confidential) 

(Classified material not abstracted) 

hlontgomery, L. C., “Heat-Sterilizable Propellants,” Spuce Programs Summury 
No.  .37-.31, Vol. IV, p. 207, Jet Propulsion Laboratory, Pasadena, California, 
February 20, 1965 

Final results of this investigation indicated that none of the commercially 
available solid propellants satisfied all JPL acceptance criteria after heat steriliza- 
tion. However, three of these propellants nearly attained the survival limits, and 
changes in the geometric configuration may eliminate the internal stresses caus- 
ing failure. 

0 Benedict, A. G., “Development of Sterilizable Pyrotechnic Devices,” Spuce Pro- 
grums  Summury No. ,37-.32, Vol. IV, pp. 112-114, Jet Propulsion Laboratory, 
Pasadena, California, April 30, 1965. 

Explosive dcvices in coinnion use in  the aerospace field are usually actuated 
by squib initiators. The design of such explosive devices to withstand thermal 
sterilization is generally routine, but designing squib initiators to withstand 
thermal sterilization is more complex because of the limited range of materials 
suitable for squil) construction; the relatively small size of the squibs precludes 
the IISC of sophisticated expansion joints dependent on precise machining. 

Although several availa1,le squib initiators can withstand thermal sterilization, 
none incorporates the range of features desirable for JPL spacecraft application, 
and it \vas conseqii~~ntly decidcd to evolve a new basic squib initiator adaptable 
to various purposes. The approach to the design consisted of selection and 
optimization of thr insulating insert and the bridge configuration, selection of the 
matchhcad, and optimization of the body details and the mating connector. 

The squib seal offered the major problems; epoxies and thermosetting plastics 
were abandoned a s  seal materials after preliminary consideration because of 
unattractive thermal characteristics and strengths. Glass seals can withstand 
pressures of about 30,000 psi, but present a problem in meeting a need for an 
insert which is thermally conductive but electrically insdating Ceramic seals 
appeared most promising, and development y~ork by JPL and by two contractors 
has since led to evolution of a satisfactory basic design for ceramic seals. 

Prototype dcposited-film hridgcs produced at JPL havt pcd”rmrd well in thv 
face of severe temperature shock (-309 to +X)O0F), and have dc>monstratcd 
excellent no-fire characteristics. Proposals for development of production tech- 
niques are now being requested. 

IVork remains to be done on anti-static-discharge features; responses to 
requests for proposals in this area are currently under revie\\,. 
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Sterilizable primers would be needed for spacecraft explosive devices that are 
mechanically rather than electrically initiated. Two 400°F primer mixes (G-11 
and G-16) developed for Frankford Arsenal by Remington Arms will withstand 
thermal sterilization, but tests have shown these primers to be very sensitive to ’ 
mishandling; it will be necessary to examine this problem carefully if high 
reliability is to be achieved. Preliminary tests will be made at JPL. 

0 Curtis, H. D., and Harper, A. D., Optimization of System Operating Parameters 
for Heat-Sterilizable Liquid Propulsion Systems, Technical Memorandum No. 
33-211, Jet Propulsion Laboratory, Pasadena, California, June 1, 1965. 

’ 

As a means of attaining a sterile spacecraft, design information is required 
for liquid propulsion systems which can be heat-sterilized in the loaded condition 
without venting. An analysis was performed to determine the values of the 
system operating parameters which minimize the system mass. Results are pre- 
ser,ted for both internally and externally pressurized tankage systems. The dry 
weight of sterilizable systems is approximately twice that of comparable non- 
sterilizable systems. The system mass is minimized when the tank is 60 to 70% 
filled with propellants (prior to heating) in the externally pressurized case and 
approximately 40% filled in the internally pressurized case. 

Stanford, H. B., “Hydrazine Sterilization Tests,” Space Programs Summary N O .  
3735, Vol. ZV, Jet Propulsion Laboratory, Pasadena, California, September 30, 
1965. 

The feasibility of sterilizing a liquid fuel, hydrazine, was demonstrated. A 
small, 6.5-in.-diameter 6-Al-4V titanium tank was filled with hydrazine to about 
60% of capacity, sealed, and subjected to three heat cycles of 293°F for 35%, 37, 
and 46% hr, respectively. After the third cycle and cool-down to room tempera- 
ture, an increase in pressure (as a result of decomposition) of 16 psi over the 
initial tank pressure (7 psig) was recorded. Since some concern has been previ- 
ously expressed as to the ability of this fuel to withstand this type of temperature 
cycling, it was felt that these results, although limited in scope, showed evidence 
of the practicality of employing the fuel, either as a monopropellant or bipro- 
pellant, for capsule applications. 

0 Marsh, H. E., and Montgomery, L. C., Sterilized Solid-Propellant Rocket Motors 
for Mars Landing Missions, Technical Report No. 32-725, Jet Propulsion Labora- 
tory, Fasaciena, C a l i h  ilia, Ivfai-ch 32, 1065 (Cc&dectk!). 

(Classified material not abstracted) 

Marsh, H. E., and Montgomery, L. C., Sterilized Solid-Propellant Rocket Motors 
for Mars Landing Missions, Revision 1, Technical Report No. 32-725, Jet Pro- 
pulsion Laboratory, Pasadena, California, June 30, 1965. 

In the initial phase of the program to develop a sterile solid-propellant motor 
for planetary and lunar landings, the chemical sterilization approach was taken. 
Also, the chemical sterilization of a state-of-the-art propellant has been demon- 
strated. Current objectives, however, require the heat-sterilization approach. 
The ultimate test criterion for the heat sterilizability of a spacecraft component 
is the ability of the component to survive three cycles of exposure to 145°C for 
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36 hr. "Off-the-shelf" propellants from seven U.S. manufacturers were included 
in the initial tests. Three candidates were eliminated in initial sterilization cycle 
dump tests which were performed in both air and nitrogen atmospheres. Having 
retained some integrity in the slump test, the remaining four propellants are 
evaluated for the physical and ballistic changes that occur because of the steril- 
ization treatment. The significant crusting of the propellants and its related 
physical effects are evaluated. The development of a silicone propellant for heat- 
sterilization application is also discussed. 
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