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DEPARTMENT OF THE AIR FORCE 
HEADQUARTERS 88TH AIR BASE WING 

WRIGHT-PATTERSON AIR FORCE BASE OHIO 

3810 Communication Blvd 
Wright-Patterson AFB OH 45433-5706 

John Greenewald, Jr. 

Dear Mr. Greenewald, 

14 July 2016 

This is in response to your FOIA request dated 18 April 2016, received at Wright-Patterson AFB FOIA 
Office on 18 April 2016. Records requesting "( U ) Aircraft Nuclear Propulsion Systems. Project Pluto, PDF 
URL: (pdf)- 20MB-, Accession Number: AD0855684, Corporate Author: MARQUARDT CORP VAN 
NUYS CA NUCLEAR SYSTEMS DIY, Report Date: 15 Nov 1959, Descriptive Note: Technical summary 
rept. Pages: I 54 Page(s), Report Number: MR-30002-VOL-3 ( MR30002VOL3 ), WADC- TN-59-365-VOL-3 
WADC (WADCTN59365VOL3 ), XC - TN-59-365-VOL-3 W ADC ( XCTN59365VOL3 ) Monitor Series: 
TN-59-365-VOL-3 (TN59365VOL3 ), WADC Contract/Grant/Transfer Number: AF 33(616)-6214 
(AF336166214 )." 

The FOIA control number assigned to your request is 20 16-02690-F. Attached is the releasable record for this 
request. This response is considered a full response to the records you requested. 

If you decide to appeal this decision, you must write to the Secretary of the Air Force within 90 calendar 
days from the date of this letter. Include in the appeal your reasons for reconsideration and attach a copy of 
this letter. Address your letter as follows: 

Secretary of the Air Force 
THRU: 88 CS/SCOKIF (FOIA) 
3810 Communications Blvd 
Wright-Patterson AFB OH 45433-5706 

You may also contact the Air Force FOIA Public Liaison Officer, Ms Anh Trinh, concerning this final 
response at usaf.pentagon.saf-cio-a6.mbx.af-foia@mail.mil or (703) 614-8500. 

It is a pleasure serving you. The point of contact in our office is Teresa Corbin. She may be reached at 
(937) 257-1436, e-mail or the FOIA Main Line (937) 522-3095, e-mail wpafb.foia@us.af.mil. 

2 Attachments: 
1. Your FOIA Request 
2. Responsive Documents 

Sin~J (&,;_ 
~~~CORBIN, Civ, DAF 

Freedom of Information Act Analyst 
Knowledge Operations Flight 
88th Communication Squadron 
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Propulsion Systems. Project Pluto PDF URL: (pdf) - 20 MB - Accession Number: AD0855684 Corporate Author: 
MARQUARDT CORP VAN NUYS CA NUCLEAR SYSTEMS DIV Report Date: 15 Nov 1959 Descriptive Note: Technical 
summary rept. Pages: 154 Page(s) Report Number: MR-30002-vOL-3 ( MR30002VOL3 ) , WADC - TN-59-365-
VOL-3 WADC ( WADCTN59365VOL3 ) , XC- TN-59-365-vOL-3 WADC ( XCTN59365VOL3 ) Monitor Series: TN-59-
365-VOL-3 ( TN59365VOL3), WADC Contract/Grant/Transfer Number: AF 33(616)-6214 ( AF336166214) Thank 
you so much for your time, and I am very much looking forward to your response. 
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DEPARTMENT OF THE AIR FORCE 
HEADQUARTERS 88TH AIR BASE WING 

WRIGHT-PATTERSON AIR FORCE BASE OHIO 

10 June 2016 

3810 Communications Blvd 
Wright-Patterson AFB OH 45433-5767 

Mr. John Greenewald 

Dear Mr. Greenewald 

This is an interim response to your 19 April2016 Freedom oflnforrnation Act (FOIA) 
request. The FOIA control number for your request is 2016-02690-F ST3. 

The initial determination of your request is that records may be fully released. However, a 
time extension is necessary because the records are classified and must be reviewed for possible 
declassification by other activities or agencies. 

We will contact you no later than 17 May 2016 with the status of your request. The point of 
contact in our office is Ms. Teresa Corbin and she can be reached at (937) 257-1436, e-mail 
teresa.corbin.l@us.af.mil or the FOIA Office Main Line (937) 522-3095, e-mail wpafb.foia@us.af.mil. 

Attachment 
Your FOIA Request 

Since/ 4 
JMUJ c/ (;._i, t/'--' 

TERESA CORBIN, Civ, DAF 
Freedom of Information Act Analyst 
Knowledge Operations Division 
88th Communications Squadron 



From: John Greenewald
To: WPAFB FOIA Organizational Mailbox
Subject: FOIA REQUEST tc
Date: Monday, April 18, 2016 7:51:38 PM

To whom it may concern,

This is a non-commercial request made under the provisions of the Freedom of Information Act 5 U.S.C. S 552.  My
 FOIA requester status as a "representative of the news media." I am a freelance television producer often  working
 on documentaries related to my FOIA requests, my work is commonly featured throughout major news
 organizations, and I freelance writer for news sites as well.  Examples can be given, if needed.

I prefer electronic delivery of the requested material either via email to john@greenewald.com or via CD-ROM or
 DVD via postal mail. Please contact me should this FOIA request should incur a charge.

I respectfully request a copy of records, electronic or otherwise, of the following:

Title: ( U ) Aircraft Nuclear Propulsion Systems. Project Pluto

PDF URL: (pdf) - 20 MB -

Accession Number: AD0855684

Corporate Author: MARQUARDT CORP VAN NUYS CA NUCLEAR SYSTEMS DIV

Report Date: 15 Nov 1959

Descriptive Note: Technical summary rept.

Pages:154 Page(s)

Report Number: MR-30002-VOL-3   ( MR30002VOL3 )  ,  WADC - TN-59-365-VOL-3 WADC   (
 WADCTN59365VOL3 )  ,  XC - TN-59-365-VOL-3 WADC   ( XCTN59365VOL3 )

Monitor Series: TN-59-365-VOL-3     ( TN59365VOL3 )  ,  WADC

Contract/Grant/Transfer Number: AF 33(616)-6214     ( AF336166214 )

Thank you so much for your time, and I am very much looking forward to your response. 

Sincerely,

mailto:john@greenewald.com
mailto:WPAFB.FOIA@us.af.mil


John Greenewald, Jr.
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John Greenewald, Jr.
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Abstract: ( U) To provide accurate and reliable control of a nuclear ramjet, it is necessary to provide materials 
and components for the control system which will operate in an environment dictated by the nuclear characteristics 
of the system. A similar problem is encountered in providing nuclear propulsion for manned aircraft. Much work has 
been done on establishing reliable components for this purpose; however, the environment to be encountered in 
missile applications is more severe. Thus, it was necessary to accumulate as much available data as possible on 
radiation effects and then extend the data experimentally to cover the particular problems encountered with 
PLUTO. 

Descriptive Note: Technical summary rept. 

Supplementary Note: See also Volume 1, AD338630, and Volume 4, AD338312. Also include Quarterly 
progress rept. no. 14. 

Pages: 154 Page(s) 

Document Location: DTIC 
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SECTION I 

s~qy 

Two series of irr~.2:1ati:.QJ;l_p;-o~ams were conduct~ under Contract 
AF 33(616)-6214 during l959~o investiga£e the effects of the following 
combined environments on materials and components: 

1. 300or temperature, 1ollnv, and 1ol6nvt 

2. 500°F temperature, 1011nv, and 1o16~vt 
3· 100 to l50°F temperature, 1o12nv, and 1017nvt 

4 . 3cooor temperature, 5 x lol3nv, and lol9nvt 

Items l and 2 were performed at the Ground Test Reactor of 
Convair, Fort Worth, Texas during March 1959· The irradiations included 
the folloWing items: 

1. Silicon semiconductor diodes 

2. Infra-red sensors 

3· Ion chambers 

4 • Capacitors 

5 • Potting compounds 

The tests were made in specially designed environmental chambers. 
The chambers were instrumented and checked outside the reactor area, and 
moved into position on a special system of skids, as shown in Figure 1. 
The irradiation environment consisted primarily of gamma photons and neut
rons with energies grater than 0.48 ev since the reactor operated in a 
borallined chamber and the irradiations took place in air. Data were taken 
periodically during the irradiation as well as pre-and-post test. Thus, 
both transient as well as permanent effects were established. Two tests, 
each of ten-hours duration at 40 KW and twenty-hours duration at 3 MW were 
conducted. A plot of the irradiation exposures is shown in FigurES 2 and 
3· In addition, a separate test was run for 10 hours at 40 KW, and 12 
hours at 3 MW to determine the shielding properties of the potting com
pounds. Initial processing of the test data, including dosimetry was per
formed by Convair; the final evaluation was made by Marquardt. 
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A second series of tests was performed at the General Electr~c 
Testing Reactor, Vallecitos Road, Pleasanton, California during September 
1959· This series covered the following items: 

1. Ceramic insulators 

2. Ceramic vacuum tubes 

3. Subminiature vacuum tubes 

4. Gall:lum arsenide semiconductor diodes 

5. Thermistors 

6. High-temperature ion chambers 

1· Silicon semiconductor reference diodes 

The test was designed and, to a large extent, operated by 
Marquardt. A special cilrved guide tube, approximately 31-feet long was 
furnished by Marquardt (Figure 4) and installed in the reactor. The 
lower end of the tube was adjacent to the reactor core in the pool area, 
while the upper end was accessible at all times from the third floor of the 
reac·tor. This enabled a series of capsules to be inserted and wi tbdrawn 
into special casks (Figure 5) without interfering with reactor operations. 
Two types of capsules were furnished by Marquardt. One capsule was designed 
to operate with internal temperatures of 3000°F in an air-cooled reactor 
(Figures 6 and 1). The capsule was then adapted to operate in the coolins, 
water furnished to the guide tube. These eapsules were used to test the 
insulation resistance of ceramic insulators at high temperatures. A second 
type of capsule (Figures 8 and 9) was used to irradiate electronic com
ponents at higher fluxes than available during the Convair reactor testa. 
The individual capsules were designed to operate from eight to ten hours 
in the guide tube next to the reactor core. Actual operating times varied, 
caused in some cases by capsule failure, and in others by the desire to 
irradiate certain components to failure. Typical exposure data are shown 
in Figures 10 and 11. The greatest test duration was 31-hours, for an 
integrated exposure of 1. 3 x 1011 nvt ? 0 .k qev. During this series of tests 
some of the data were recorded continuously while the remainder were taken 
periodically, as during the Convair tests. A total of ten t~sts were made 
during a 20-day operating cycle. In addition to actual irradiation data 
on the test specimens, data were obtained which will aid in the design of 
future test capsules. I.n general, the test date confirmed the anticipated 
effect of gamma heating and activation of materials; however, the need for 
improvement in test leads and seals was demonstrated by failures that · 
occurred during the tests.' 
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SECTION II 

INTRODUCTION 

A. PURPOSE 

\jTo provide accurate and reliable control of a nuclear ramJet, it 
is necessary to provide materials and components for the control system 
which will operate in an environment dictated by the nuclear characteristics 
of the system. A similar problem is encountered in providing nuclear 
propulsion for manned aircraft. Much work has been done on establishing 
reliabile components for this purpose; however, the environment to be en
countered in missile applications is more severe. Thus, it was necessary 
to accumulate as much available data as possible on radiation effects and 
then extend the data experimentally to cover the particular problems en
countered with PWTO. f\, 
B. SURVEY OF AVAILABLE INFORMATION ON RADIATION EFFECTS 

Two methods were used to provide a basis for the preliminary 
choice of materials and components to be used in a nuclear ramjet control 
system. The first, and most extensive, consisted o:f a literature search 
which actually covered radiation and environmental effects on virtually 
every possible item. Two sources were used as the primary listing of 
documents: (1) tne abstracts furnished by the Radiation Effects Informatlon 
Center and, (2) the Nuclear Science Abstracts. Additional information was 
obtained from technical periodicals ~d manufacturers bulletins. 

From these_sources, several hundred documents were used to 
establish potential materials and components to meet the particular needs of 
the PLUTO program and establish an experimental program. 

This information was supplemented by attendance at meetings and 
symposia or radiation effects, as well as personal contacts with manufactur
ers'representatives. 
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A. CERAMICS 

1. Tmes. Tested 

SE(mON III 

MA'h:RIALs 

A total of nine different ceramics were included in the tests. 
Because of test capsule leakage, resistivity data were obtained on only four 
types: 

a. 99 .6 percent Pure Al203 

b. Pure MgO 

c. Pure BeO 

The MgO specimens were single crystal; the others were polyo 
crystalline. 

Testing was to be conducted at temperatures to 3000DF and an 
integrated epicadmium flux of 1ol8 in the capusles shown in Figures 6.. 
and i..!.f.. • The maximum te~erature achieved was lOOOOF and the maximum 
inte.srated flux was 8 x lol7 o 

2.. Resul.ts 

Although actual test conditions were not achieved, sufficient ina 
formation was obtained to indicate trends of resistivity changes during 
irradiation as shown in Figure :m- o In addition, annealing effects 
during and immediately following reactor shutdowns were noticed in BeO and 
Al20~. The effect was much more pronounced in Al2o

3
• No shutdowns occurred 

pr~or to ultimate capsule failure for the other two specimens and it is imo 
possible to determine whether similar annealing effects would be found With 
MgO and Zro2 o 
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3. Conclusions 

Because the tests did not reach the desired temperatures or 
maximum integrated fluxes, no definite conclusion can be drawn as to their 
\Altimate use ln a PLUTO-type radiation and temperature environment, However, 
sufficient data were obtained to indicate that the tvo major insulators 
presently used in similar non-nuclear applications, i.e., Al2o3 and MgO 
might suffer serious changes in a nuclear environment and should be investi
gated.further. Experience at lower temperatures in various reactor tests 
with actual thermocouples tends to bear out this assumption. To date, BeO 
appears to be the most promising material; however, further testin~ ~11 be 
required to verify BeO sui tabill ty and provide information at highe!' tempera 
tures. 
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B. POTTING COMPOUNDS 

1. TYJ)eS Tested 

Three types of potting compounds were tested. The basic compound, 
EpQcast-27:5 1 is a commercial compound W1 th the properties shown in the Table 
below. The other compounds manufactured by the same company 1 and incorpo
ating shielding fillers 1 were also tested. Their formulas are also listed 
below. 

~'\i~#~~-- Composition~ Weight Percent VolUme Resistivity 
. ' Resin Hardener Shield Density, at 300°F 

Material g]IJSjcc ohm-em 

Epocast-275 95 s.o -- 1.66 2.2 X lOll 

H-ll07·A 24 3·9 57·7 Pb, 3·0 --
14.4 B4c 

H-ll07-A 38.2 6.54 8.46 Pb, 1.66 --
57·7 B4C 

The tests included measuremellta ~ gamma and neutron shielding 
properties 1 volume ft&iati vi ty 1 nuclear heating, and actual encapsulation 
of components. The lack of sufficient amounts of each compound prevented 
tests from being made on all the compounds. Some extrapolation of data was · 
necessary in order to make comparisons. 

2. Results 

The epoxy-type resins used in this test showed good mechanical 
stability to combined neutron and gamma irradiation at temperatures for 
which the resins were formUlated. In addi tipn, the shielding properties 
agree with calculated properties and correlat~ reasonably well with nuclear 
heating data (i.e., the amount of nuclear heating corresponds to the amount 
of energy absorbed in shielding). Figure 13 shows the comparison of 
calculate~ and measured values of ne~tron and gamma absorbtion for H-ll07-B· 
Table. ]J:I ·· l. lists the following items: 

... ~~·"'" 

1. Neutron and gamma absorbtion coefficients (calculated and 
experimental) 

2. Nuclear heating rates (calculated and experimental) 
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TABLE l 

NUCLEAR PROPERTIES OF SHIELDING COOIOONDS 

Material Neutron Adsorbtion Gauima. Adsorbtion 
. Coeffi;ient em-I ·Coefficient em•.l 

J!iXPerl.menta~ ca~cuate<:~,. E.xPer: :-.~n__!~ ca~cuJ.ated 

H-ll07-A -- {l)o.258 -- {?.)o~l88 

H-ll07-B (3)o.l365 {3)0.139 (4)o.u63 (2)o.lo64 

(1) Neutrons 2.9mev 

(2) Gammas at l.25mev 

(3) l'eutrons 7.~mev 

(4) Total Ga111118s 
. -

- · - ----~-

Nuclear lfeating 
in Watts/Gm 

. ~_erimental Calculated 

0.073 (l) (2)o.o49 

-- (l) <2 >o.032 

. 

~~ 
~ 
~ 
§ 
~ -.....;: 

' 

I 

td"d 
~:: 
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~ 
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The calculations of absorbtioo coefficients were performed by 
Convair using a flux s~ deterillined by measuring t:te undistorted 
spectrum (no boral shield) using standard foil and c&dmium ratio techniques 
and then calculating the attenuated spectrum. The nuclear heating calcu
lations were also pP.rformed by Convair using rate of rise data and equil· · 
ibriwn heat transfer data. The form~ used in rate of rise calculations 
was 1\S follows: 

d.<P = As Gw<f"( e ~ - ew
4 

)) 
cp = temperature, OJ<: 

where: ·t = time, sec 
As = area of specimen surface, cm2 (200 cm2) 

a- = Stefan-B oltzmann constant, 5.67 x lo-5 ergs/cm2-sec~ 

S 5 = specimen surfac~ temperature, OJ<: 

ew = chamber wall surface temperature 1 OK 
Fsvv = combination view factor and gray-body reradiation factor: 

I 
~=".sw = Ct/£ 5 )t-(A5 /Aw) 7 tlew--1) 

In this relation, Ay =area of chamber wall (642 cm2), and €8 
and ~ denote the em:f.ssi vi ty of the specimen anci chamber walls 1 respectively. 
In th.e cE".lculations 1 values from WA.P.§t·,~~ ~ti222 ?f 0.79 for €

8 
and 0.21 to 

ew were used. 

Equilibrium ve.l.ues were calculated using radiant and conductive 
heat transfer. Actual pressure in tne chamber following irradiation was 
1.87 Dllll of Hg; thus.; _considerable conductive transfer took place. com .. 
parisons between nuclear heating and shieiLding data were made at Marquardt 
on the basis of Convair figures f~r gamma and neutron adsorbtion factors at 
1.25 Mev gamma .and 2.9 Mev neutron, plus incident flux values during the 
uucJ. ~ar heating test. · 

The volume =esistivity data cannot be 6ef1nitely evaluated for 
the high flux run because of test fixture breakdown. However 1 1u both cases, 
the post-irradiation results were much higher than initial results and 
probably represent a cLange in contact xesistance rather than true re .. 
sistance value for the resins. It is probably safe to assume tl~t the 
changes represent a minimum, and that the actual resistance decreases could 
be ~uch greater. 

The effect of shielding on the encapsulated components was 
probably nullified to a large extent by the increased operating temperatures 
caused by gamma heating (Figure ~>·J.;) since their performance was no 
better 1 and in some cases worse 1 tbim similar unshielded performance. 
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3. Conclusions 

Potting compounds of the type tested and similar typf's are 
probably of limited usefulness because of the effects of nuclear heating. 
This cannot be overcome in a direct potting application at the flux used 
here, since the nuclear heating is directly related to the amount Qf 
shielding provided. Shielding-type potting compounds could be used at lower 
incident flux levels to provide protec~ion from neutron an~ gamma damage 
without overheating the component. Probably, a reduction of one decade from 
the level used nere would be satisfactory. 

Alternately, shielding at higher flux levels can be used if 
cooling of the encapsulated component is provided. Both of these methods 
should be verified experimentally. 
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SECTION IV 

EL'Ii'.CTRONIC COMPONElfrS 

A. SDUCONOOCTOR .vi ODES 

1. TyPes Investigated 

The diode test program was in1 tiated .. by .the need for data on the 
combined effects of nuclear~r-radtation~ and temperature environments on a 
variety of diodes contemplated for use in con.'brolt: amplifier ci:r.cuitry. As 
such, the primary interest was in the be~vior of the reverse current 
characteristics, with secondary emphasis on the forward characteristic 
bebavio:.:-. 

No attempts bave been made at this time to evaluate the effects 
obserVed in terms of crystal lattice disorders and thus, predict and form
ulate the theoretical behavior of the tested semiconductors. 

2. Components Teste! 

Two hundred and two diodes including 13 t;ypeti and representing 
10 manufacturers were irradi&.ted in two test sequences. The diodes irradi
ated in Test No. 1 are listed in Table I2.I-2; those irradiated in Test No. 2 
are shown in Table . 3 ·· _,. The various types were selected from the stand
point of their applicability to perform specific circatt functions in the 
contr.Olc amplifier systems. 

All diodes_to be irradiated were tested prior to exposure to 
nuclear radiation operating temperatures for fulfillment of the mr~ufacturer 
specifications. Those diodes which did not meet specifications at the 
operating temperatures were replaced. 

The forward and reverse cbaracteristics were recorded prior to 
the irradiation, during the radiation periods, and after irradiation. These 
characteristics were recorded sequentially on Mosely X-Y plotters. The 
system was designed to be as nearly au·homatic as practicable. An auto
matic switcbbox simultaneously selected a component, the appropriate maxi
mum, ·cmrent·ud voltage sweeps for the forward and reverse tests, and the 
appropriate temperature in the case of the lN-4 30B zener diodes. 

Voltage was applied to.a component only during the interval of curve 
plotting (approximately 15 seconds). The forward and reverse curves were \ 
plotted on separate plotters for each component before the selection of 
another component was made. 
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TABLE 2 
DIODES IRRADIATED lN TEST KO. 1 

Number Manufacturer Ttpt IIdent1ticatiob Controlled 
Tested N\lllbtr• Temp. (°F) 

5. Bofban IK430B ~5-1 25-.5 150 , .. International IN430B ~6-1 26-.5 150 
Rectifier 

1'> Hotfaan IN212 ~7-1 28-5 300 

10 Semcor IN212 29-1 30-5 300 

' HoffJIUI IN430B ,1-l 31-5 200 
5·· International IN430B 52-1 32-5 200 

Rectifier 

3 Pacitio Df617 ~3-1 33-3 ;,oo 

3 Boftmaa IN210 ~3-4 34-1 300 

10 Se111cor IN210 ~4-2 36-1 300 
5• BoffiiU IN430B ~7-1 37-5 300 , .. Int~rnational IN4308 l58-1 38-.5 300 

Rectifier 

' Radio ReceptoJ 16JlT ~9-1 39~3 300 

2 Radio Receptol 16J1T ~9-4 39-5 300 
10 Fautee1 tr~C276-l ~0-1 41-.5 300 , Traneitron IN483B ~2-1 42-3 300 

10 Pacific IN660 42-4 44-3 300 
10 Texas nr66o 44-4 46-3 300 

Instruaenta 

• These component• are tbe same fiYe Hoffman IN430B'•• 

Page _g5:
Report No. 30002 
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" 
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-.J 
Remarka 

Component• 27•1 through 
2?•5 were encapsulated 
ill Furane 1107 A. 

Encapsulateclr 
33•11 Epocaet 110?Ao 
33•21 Epocaet 1107Bo 
33•31 Scotchcast resin~ 
Encapsulated r 
33-41 Epocaet 1107Ao 
33•51 Epocaat 110?8. 
34-11 Scotoheast Resin. 

EncapsUlated: 
39-11 Epocast ll07Ao 
39-21 Epocaat 110?8. 
39•31 Scotchcaat Resin. 
Selenium Rectifiers. 
Se1eniua Rectifiers. 
bcapaulatedr 
42-1; .Epocaat llO?A. 
42-21 Epocast ll07Bo 
42-31 Scotchcast Reatn. 

•• These components art the aame fiYt International Rectifier IN430B'a. 
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NUi'ler Manufacturer Tested 

9 General Electric 
10 Hoffmaa 

9 Jiug!lea 

10 Internat:loD&l. 
Rectifi.er 

10 Radio Receptor 
10 Texaa Inatruaeats 
10 Traaai.tron 
10 P~ci.fi.o 

10 Texas IDatruments 
10 'fraa.m.troa 
10 General E1ectri.c 
10 Paci.fi.c 

TABLE 3 

MODES IRB.ADIATED IN TES'r 110-. 2 

!ne 

IN538 
IB538 

!11538 
IN538 

111538 
IR538 
IN538 
:m645 
IN645 
:m645 
IH441B 
m485B 

Identit:lcatioa 
Numbers 

1-1 ... 2-4 

3-1 > 4-·5 

5-1 ~6-4 

?-1 '> 8-5 

9-1-~10..5 

U-l: ) 12-5 

13-1 ') 14-5 

15-1 ~16-5 

17-1 .,.18-5 

19-1 ~ 20-5 
21-1 ~22-5 

23-1 ~24-5 

CoAt rolled 
Temp. ('"F) 

300 
300 

300 
300 

300 
300 
300 
300 
300 
300 
300 
300 

Remarks 

CoJIIPOaents 3-1 - 3-5 
were encapsul.atecl i.a 
Fnrane ll0'7 A. 

~! 
~ 
~ 
;~:::: 
l§ 
~~ .......: 

i:: 
'd~ 
0 (D 

~ 

~ . 
~ 

----------------------------------------------------------------------------------------------_j~~ 
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As indicated in the "Remark&'' colunm of the Tables, some diodes 
were individually encapsulatedj others were encapsulated.in the form of an 
assembly, with a thermocouple embedded to measure temperature. 

Photographs of two of the diode test assemblies and the diode 
test equipment are shown in Figures ~S).:!'!'~, ~1.7, l'le8p~.ely••]•J4x;,_: .·.\.,1 .. ~~ • 

4. Summary of Results 

During the two test sequences for the 202 diodes, approximately 
3300 curves of forward and reverse characteristics were ob iiained. .A d.dtaile 
statistical analysis of the change in characteristics with integrated flux 
has not yet been made. The trend in the different types and diodes of 
different manufacture .was- similar. There was an accelerating increase in 
the forward resistance, and a corresponding decrease in the reverse re
sistance with integrated flux. T'ais effect, as indicated by the curves of 
Appendix A, continued even during the post .. irradiation period. 

To more significantly evaluate the large volume of data, it was 
necessary to re-plot the forward and revers~ characteristics on a single 
graph for the conditions of pre-irradiation, post-irradiation, and three 
increasing values of integrated flux selected to show.;the deterioration of 
the diode. The number of diodes analyzed was further raduced on the basis 
of most probable use. Ten un1 ts of each type and manufacture were tested. 
Of the ten units tested, three units representing the two extremes and the 
middle variation in the forward and reverse characteristics were selected. 
The diodes selected for re-plotting from the lot of ten are ~signated by 
the dashed number (e.g. l-2, 1-3, and etc.). This reduction in data re
sulted in the re-plotting of five curves each for the forward character
istics and five curves each: for the reverse characteristics of each unit 
for the diodes listed below: 

T;me lNo238 

a. General Electric e. Radio Receptor 

b. Hoffman f. Texas Instrument 

c. Hughes g. Transitron 

d. International Rectifier 

Type lN-645 

a. Pacific Semiconductor 

b. Texas Instrument 

c. Transitron 
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FIGURE 16 
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Type lN-44lB 

a. General Electric 

'l'y;pe lN-485B 

a. Pacific Semiconductor 

Ty;pe lN-212 

a. Hoffman 

b • U.S. Semi conductor 

a. Hoffman 

b. U.s. Semiconductor 

Ty;pe lN-660 

a. Pacific Semiconductor 

b • Texas Instrument 

Diode Rectifier Ty;pes 

a. Fansteel TEC 276-L 

b. Radio Receptor 16JIT 

The total number of curves thus re-plotted totaled 200, and these 
are included in the Appendix A for further reference and study. To illus
trate typical trends, several curves are included in the body of this re
port. These are shown in Figures 18 and 19. Reference to the re-plotted 
curves will show that the radiation tolerance for typic~l diodes for the 
service e~ected in this project, ranges from 1.2 x 101 nvt (E ~ o.48ev) to 
1.8 X l015nvt (E > 0.48ev) for the forward characteristics, and 4.2 X 10l~ · 
(E> o.48ev) to 1.5 x 1Gl4nvt (E >0.48ev) for the reverse characteristics. 
These ranges are also applicable to the rectifier types. 
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In the case of the zener diodes, the International Rectifier 
Type lN-4 30B deteriorated as rapj,dly as other diode types, while the 
Hoffman lN-430-B zener diode showed considerably less deterioration. Typica 
characteristic curves of the Hoffman and International Recti fit. ~ : ·4 30B 
types are shown in Figures 20 and 21 , respectively. 

In addition to the diodes tested at Convai~, two Hoffman lN-430-B 
zener diodes and two Texas Instrument type XDI gallium arsenide diodes were 
irradiated in the Marqua~dt GETR-lA tests at Vallecitos> The Ho~fman zener 
reference voltage had increased 20 percent at 7.4 x 10lo nvt > 0.48ev and 
failed completely before 1.3 x lol7nvt > 0.48ev. One gallium arsenide diode 
showed little or no change to 2.8 x lol5nvt > 0.48ev and failed before > 
7 ·3 x 1ol6nvt. A plot of this diode is shown in Figure 22 • Tne other 
gallium arsenide diode behaved abnormally during the preirradiation tests. 

B. INFRA-RED SENSORS 

1. Components Tested 

Interest in infra-red detectors stems from thelr possible 
application as sensors in the use of radiation techniques for the temperatur 
of nuclear reactors. The detectors tested were selected because of ready 
availability, fast response, and the possibility of ada~tion for amtient 
high-temperature ( 500~) operation 

Fourteen infra-red detectors of the photoconductive and semi
conductive type were irradiated. The types, manufacturers, and numbers are 
shown in Table 4 • 

The detectors were arranged radially around on infra-red source 
consisting of a nichrome-wire element. Surrounding th~ infra-red source was 
a drum-shaped chopper with three slits, spaced 120 degreeG about the 
periphery. Infra-red rays were conducted from the source to the detectors 
by slits in two concentric shields around the choppe~ and cylindrical tubes. 
Details of the arrangement are shown in Figure 23 • The thermistor bolom
eter, lead selenide, and indium antimonide (PEM) detectors required pre
amplifiers at the detector location. These were specially constructed to be 
free from radiation effects. In addition, a bias voltage was supnlied to 
all but the PEM detector. The response signals generated in the detectors 
and detector-amplifier combinations were transmi·(ited by a 100-foot coaxial 
cable to measuring instruments -fn the control room. The relative signal 
level, signal-to-noise ratio, and the resistance of each detector were 
measured as a function of the integrated flux. In addition, the temperature 
of the air near the detector was monitored and controlled to the approximate 
values shown in Table 4 It was not possible to secure post-irradiation 
data on any of the detectors. 
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CVIII'!JIIATION • 

'1}-pe Manufacturer 

Lead Eastlllaft Kodak 
Sulfide 

Lead EastmaD Kodak 
Sulfide 
Lead Eastman Kodak 
selenide 
Therlll1stor Berne• 
Bolo .. ter Enginaeriasa 

Therlliator Barne• 
BoloMter Engineedq 
Indio Radiation 
Antimonide Electronics 
PEM Corporation 

TABLE 4 

INFRARED DETECTORS 

Maximum 

QuuUt,- Operating 
TelftPerature 

(OF) 

2 212 

6 140 

2 140 

1 140 

1 392 

2 1?6 

Page 
R N eport Oo 

38 
1 2 000 

Identification 
Number 

1,2 

,,4,11,12,l:S,14 

5,10 

? 

8 

6,9 

I 
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2. Results 

Detailed data obtained on the fourteen infra-red detectors are 
tabulated in Appendix B. Examination of the signal level and the signal-to
noise ratio tabulations shows that most of the detectors began to deteriorat 
rapidly above an integrated flux of approximately 1.5 x lol4nvt (E> o.48ev) 
However, one lead selenide, one high-temperature lead sulphide, and one 
high-tempera.ture thermistor bolometer continued to give an electrical 
signal output in response to an infrared signal throughout both the o.o4o 
and 3 megawatt levels of operation. The tabulated dat:'\ on these detectors 
are shown in Tables 5 , .. 6, ,an<l 7 •. , . 

3. Conclusions 

· Fro~ these data, it is noted that the lead selenide Qetector 
tolerated up to 4 X lol5nvt (E > 0.48ev) 1 while the thermistor liolometer 
tolerated up to 1.6 x lol6nvt (E > o.48ev). It will also be noted that 
when the signal outpdt began to drop, the resistance ct the ~tcctor also 
began to decrease and became erratic as the integrated fl~ built up. An 
increase in the ~emperature of the ambient air in the test compartment 
occurred at the same point. It is possible that some of the effects 
attributed to nuclear irradiation may have been produced by the increase in 
detector temperature above its normal operating value. The exact reason for 
the increase in compar·tment temperature is unknown; however 1 it appeared to 
occur shortly after the reactor power was raised to three megawatts. This 
tends to indicate that the increase in temperature may have been due to 
increased gamma heating at the three megawatt power level. Later in the 
three megawatt power cycle, the temperature was restored to the initial 
values. 
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TABLE,··5 · 

LEAD llELEriiDE llU'RARt:D DETECTOR 

~ 

Integrated Signal LoYe1 S/N Ratio Roaiatanco ot Temperature 
F2ux (Arbitracy (llum and Detector 

n/cm (E > Unit a) Noise) (ohms) •r 
o.48 ov.) 

Pre-
Irradiation 1.0 -- .5.30 K 13.5 

1.6 X 1013 0.97 ·- 420 K 135 

,3,5 X 10
1
' 0.7? 49 410 K 1-'5 

,5.1 X 10
1
' 0.68 }6 420 K 13.5 

6.8 X 1013 o.68 }4 420 K 1-'.5 

1.03 X 1014 o.61. 41 410 K 13.5 

1,2 X 1014 o.64 ~ 410 K 13.5 

7,8 X 1014 0.13 ·- 10.5 K 1.52 

3.3 X 1015 v.oo26 - 85 K 230 

4.,3 X 1015 o.o?l -- 16o K 260 

6.2 X 1015 0.10 - 200 K 215 

1,4 X 1016 1.8 ·- 5.50 K --
1,5 X 1016 0.21 - 190 K 157 

1,8 X 1016 0.077 .92 100 K 156 

Post-
Irradiation None -- -· --
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TABLE 6 

LEAD SULPHIDE INFRARED DETECTOR 

Integrated Signal LoYal S/lf Ratio Rosiatnnoe of 

n/c,(E) (Arbitrarr (Hum and Detootor ~·empornturo 

Ullita) liaise) (oh.r.tG) (oF) 
o.48 ev) 

Pre-Irradiation 1.0 - ,58o K 1}5 

2,2 X 1013 0.9 - 670 K 135 

}o9 X 1013 o.58 30 670 K 135 

.5,6 X 1013 o.48 25 710 K 135 

7•5 X 101} o.42 20 690 K, 135 

1o1 X 1014 o.41 20 710 K 135 

1,3 X 1014 
0.3~ 18 r/40 K 135 

1o1 X 10l5 0.04.5 - 800 K 152 

J,6 X 1015 0.016 ... l+4o K 230 

4,6 X 1015 0.022 -- 4;~o K 260 

1.5 6.9 :X 10 0.0022 -- 610 K 215 

1o9 :iC 1016 -- -- 7,9 M 156 

Pont-Irrndintion tlone -- -- --
-

-
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~/,(Jarq~~~------------------------------------R-ep_o_r_t_N_o_. __ 300--02~ 
TABLE J 

THEHlUSTOR BOLOUETER INFRAR:m D..1'Tf.CTI:d 

Intograted Gignal Level S/ft Ratio (Hum Reoistanco of Temrera.ture 
Flux (Arbitrary and Noieo) Detector OF 

n/ctl2 (E> Unite) (ohms) 
0.48 (W) 

Pra-
Irradiation 1.0 -- 6.6 H 130 

loO_!j X 1013 1.1 -· 6.1 M 130 

3.4 :.t 1013 0.73 3·5 6.,5 M 130 

4.7 X 1013 0.73 ;5.6 6.5 M ~j\,· 

6o2 X 10 13 0.72 2.1 6.5 H 1;o 

9o6 X 1013 o.n 3.1 6.5 H 130 

1,1 X 1014 0.73 ,,1 6.4 H -130 

7,2 X 1014 0.58 -- 3.1 H -140 

3ol X l0l5 o.4o -- 9?0K -aoo 

3.9 X 1015 o.49 -- 54o K -220 

5o9 X 10!,5 0.37 -- 9?0K -aoo 
1.2 X 1016 o.49 -- - -
1.4 X 1016 0.92 -- 2.6 M - 147 

1.6 X 1016 . o.43 1.2 2.7 l-1 -147 

Post-
Irradiation None -- -- --



Approved for public release; distribution is unlimited.

C. ION CHAMBERS -
1. r_cJ'PeS Investigated 

For the Convair tests, t~o, co~rcial, g~-compensated, ion 
chambers {Model GR-ll) manufactured b:f General Electri,~ vere chosen. The 
chambers are rated for high temperature ano. relatively high flux operation; 
however, the ratings we:··e based on pre-poet tests rather than in-pile tests 
at temperature. Speciftcations for the chambers are given in Table 8. 
~he chambers are of standard design u~tng boron as a thermal nuetron 
sensitive co~ting in an annular chamber, together with a gamma compensating 
inner chamber. The c~ers have a 1/v dependence on neutron energy and 
"-'ere operated ir. a h!gh, fast tt

0 
thernl flux field. Thus, the response 

due to epi therl~l neutrons approached or possibly exceeded that du.cJ to 
thermal neutrcns. 

The ion chambers were mounted in a controlled temperature chanroer 
as shown ifl Fj,gure -24 . • The neutron flux levels were approximately 
3 x loll neutrons/cm2-se~ epicadmium, and 3 x 1o8 netirons/cm2-sec thermal. 
A 150~foot length of coaxial cable vas used to conne~ .. the chambers to two 
Flute, 1000-volt power supplies and a Keithley ~licroammeter. Pri·~·· liO 

irradiatio:l, the units were che~ked with two 5 curie poJ..oniwn-berJ-liwn 
sourc~s, and a 10 millicurie Co 0 source. Chamber outp,tts ...nd temperatures 
were tr.oni tored peric.-d.ically during the irradiation. In addition, a curve 
of outDut current versus power was taken dcring the rise in power from 40 KW 
to 3 MW and again at the decrease in power at the end of the irradiation. 
During ~rradiations, one of the chambers was inoperabln because of faulty 
leach;. ·.rhus, data o1n;ained were for one chamber only. 

~vo prototype uncompensated stainless-steel ion chambers were 
fabric·. 'ied by Marquardt {see Figure 25 ) for irradiation test work in the 
General Electric Vallecitos Test Reactor. One test unit was an all-welded 
chamber-and~ cable type. The second test unit was mounted inside a standard 
aluminum test capsule. Varying thermal neutron flux fields were obtained by 
lmrering the chamber units inside a irradiation guide tube that paesed 
adJacent to the reactor core. The absolute thermal flux level inside the 
irradiation guide tube at diff~rent distances from the reactor core was 
determined by chectiilg against known Generl:i.l Electric call brat:! ·• curves. 

2. Resu1.ts 

Figure 26 shows a plot of the G.E. chamber outp11t versus rF-actor 
power at the beginning anci end of tb.e 3 MW runs at Convair. Figure 
shows chamber output normalized to unit flux versus exposure. Since the 
chambers were operated in a ~egion where the fast-to-thermal ratio was 
approximately 1000 to l, the data, for neutron fluxes at the energies of 
interest in computing ion ~bamber response, are somewlat uncertain. 
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TABLE 8 

GENERAL ELEC.,'TRIC GR-ll ION CHAF3ER DESIGN SPEX:IFICATIONS -· 
Dimensions 

Sensitive Length. . • • . • . . . • . . • • • • . . • • . • • • . • 9-l/4 in. 

Over~all Length . • • . • • . • • • • . . • • • . . • • • . • • • • 13 .. 1./2 in. 

Diameter (maximum) • . • . • • • . . • • • . • . • . . . • • • • • . 3-l/16 in. 

Materials 

Shell, Electrodes, and. Connectors. • • • • • • • • . • . • • • • Aluminum ( 2S ) 

Insulators. . • • • • • . • • . . . • • . • • • • • • • • ~ .Mica and .Aluminum 

Electrode Coating . . . . • • . • • • . • • . • • • . . • • • • • 96rf, Boron-10 

Filling Gas . . • • . • • . . • • • . . • . . • • . • • • • • • • . • Nitrogen 

Operating Characteristics 

Neutron Flux Range. . • • • • . • • • • . .. . . . 5.0 x i02 to loll n/cm2-sec 

Neutron Sensitivity • • . • • . . • • • . • • • • . 2.2 x lo-14 ampfn/cm2-sec 

Gamma Sensitivity • . . • . • . . • . • • . . . • . . < • 2.2 X lo-ll ampfR/hr 

Gamma Compensation. . . . . . . • . • • • . . • • . • • • • . • • • . • • 95rf, 

Environment 

Tempe-..ature (maximum). • • • • • • . . • . . • . . . • • • • • • 3v0°C (572CT) 

Neutron Exposure ( L.1 fe ) • • • • • • . • • . • • . • • • • • • lol9 nvt (for l~ 
reduction in sensitivity) 

I 

-· 
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Thus, no accurate correlation between theoretical and measured output could 
be made. The curves show, however, that the chamber is quite stable, and 
the power level versus output does not vary more than flO percent from 
begtnning to end of the irradiation. It is therefore reasonable to assume 
that no appreciable damage resulted since the variations in output could 
quite easily be due to control rod changes in the reactor producing a , 
changing :t'lux pattern. In tests of capacitors (described in Section III-n)·· ~ 
where transient effects were noted, similar results were observe4. These 
are indicated by a plot of percent change in capacitance versus time at 
3 MW in Figure 27. 

Figures 28 and 29 are plots of the Marquardt ion-chamber 
current as a function of thermal neutron flux for a fixed electrode voltage 
of 1600 volts. As shown by this plot, the c~ber wa~ capable of measuring 
neutron ±'11lX over a range of eight decades (10 x 1ol ) , with an absolute 
sensitivity of 1 x 10-15 amps/nv. Figure 30 shows saturation curves that 
determine the relative linearity of the chamber as a function of chamber 
elec~rode voltage. As shown by these three curves, maintaining a voltage 
of 1.800 volts on the electrodes permits operation of the chamber in neutron 
fluxes up to 9 x lol3nv without serious nonlinearity. 

In addition to these tests, the Marquardt c~~er was operatea 
for a period of eight and one-half hours ·in an ambient thermal flux field 
to 9 x 10l3nv without change in sensitivity or saturation characteristics. 

3. Conclusions 

The radiation data obtained during the GETR test indic~te that 
the Marquardt prototype chamber will operate u~er a range of 7 decades 
(l07nv to l014nv). 
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D. CAPACITORS 

1. Types T~ 

Two types of capacitors were tested. One was a mica dielectric 
encapsulated in a silicone ~esin compound. The other type was a mylar 
dielectric with a Kraft paper backing to distribute a silicone oil 1m
pregnant, all encapsulated in a soldered metal case. The mica capacitors 
were fabricated by Sprague Electric Company under the tracie name "Fabmika" 
and were rated as follows: 

Capacitor N 

205M-l05X-9172 

205M·l05X-940l 

Capacitance 

l mfd 

0.47 mfd 

Voltage 

1700 vdc 

400 vdc 

Maximum Temperature 

?OOOF 

5000F 

The mylar capacitors were manufactured by Southern Electronic Corporation, 
and were rated at 0.3 mfd and 3000 vdc with a maximum operating temperature 
of 300~. 

The capacitors were mounted on vertical aluminum grid racks as 
shown in Figure 24 • The mylar capacitors were operated at an ambient 
temperature of 3000f and the Fabmika's at 500°F. A General Electric type 
1610-A capacitance checke~ was used to measure capacitance and dissipation 
factor at400 ana 101 000 cps alternately. Direct-current voltages were main
tained at about one half the rated voltage, ann reversed every four hours. 
In the case of the mylar capacitors, it was necessary to reduce the d-e 
voltage during the test because of gross changes in leakage resistance durine 
the test. The capacitors in each assembly were wired with one common bus, 
and open pin reference connections were -made to check on changes in the leads 

2. Results 

Both types of capacitors showed transient, as well as permanent 
changes from irradiation. The transient changes could be explained by 
assuming that a reversal occurs during irradiation; however, organic and 
silicone compounds as a general rule do not show such a reversal. The::-efore, 
it seems more realistic to assume that the transients are the results of an 
ionization effect which is proportional to the irradiation flux. As in
dicated in Section IIIC, the variation in ion-chamber output at constant 
reactor power shows much the same shape as the changes in capacitance shown 
i~ Figure 27 • . 
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The mylar-paper capacitors were affected more drastically and 
erratically in both capacitance and dissipation factor than were the Fab 
The mylar capacitors showed transient changes in capacitance of 15 percent 
and permanent changes of 23 percent, while the Fabmika had corresponding 
changes of 10 percent and 3.5 percent, respectively. The dissipation facto 
in the mylar capacitors increased by as w~ch as 2500 percent or more during 
irradiations, but the maximum change after ir!'!:l.d:i.ation was only 95 percent. 
The Fabmika capacitors increased 80 percent in dissipation facto~ during 
irradiation and had a 14 percent maximum increase after irradiation. All 
of the~e changes occurred in the 400 cps measurements. The changes, as 
measured at 10,000 cps, were lower in both cases, as shown in Tabl~ 9· 

Gross changes and erratic behavior i~ the mylar-paper capacitors 
can be attributed in part to leakage of the silicone impregnant, and ruptur 
of the cases (Figure 31). The leakage was noted in pre-irradiation tests 
and was attributed to expansion of the silicone oil. Actual internal 
temperatures during irradiation are estimated to have reached 400°F because 
of nuclear heating. Since this occurred fair~y rapidly, it probably caused 
the ruptures of the metal shells. It is possible tha~ this problem could 
be overcome by some minor changes in the mylar capacitor design. However, 
whether an improved capacitor of this type would be more resistant to 
radiation effects cannot be determined on the basis of persent data. 

3· Conclusions 

The Fabmika capacitors are apparently satisfactory for use under 
the test conditions. This point can be verified by actual circuit operatic 
under similar conditions. The mylar capacitors are not satisfactory for us 
under the same conditions. 
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TABLE 9 

Canacitor Test Conditions Change !n Capacitance 
lU'g. Type Cn!>&City Temp. Frequency Maximum Fin..J. 

Transient 

Southern 
Electronics Corp. Mylar Paper 0.3 mtd. 300~ 400 cps -16.7 -23.8 

Southern 
Elec~ronics Corp. Mylar Paper o.3 mtd. 300~ 10,000 cpr -31.6 -24.7 

Sprague 
Elect::-onic Co. Fabmika o.47mtd. 5000, 400 cps +1-7 +1·5 

Spr..e;ue I Electro11ic Co. Fabmika o.47mtd. 500~ 10,000 cps +1·7 -+2·3 

Sprague 
4oo cps E!.ectro:rl.c Co. Fabmika 1.0 mt•d. 500°F -7·7 -3·9 I Sprague I Electronic Co. Fabmika 1.0 mtd. 500~ 10,000 cps -10.1 -4.7 

) _Change in 
Dissipation Factor 

Maximum Final. 
Transient 

' 
-+2800 -+6:;..4 

+ll9 -21·7 

-+a-6.3 -14 

+17 -+2.1 

-+80.8 -14.8 

-+20.1 -5.0 

Neu~ron Exposure 
0.40ev 

Bate Dose 
Neutrona/~-sec (Au) Neutrons/::r.2(Au) 

3 lf lO" 2,2 X l016 

3 X 10" 2,2 X 1ol6 

3 X 10" 2.2 ~ lol6 i 

3 X 10" 2.2 X J.oJ.6 I 

3 X 10" 2.2 X 1ol6 

3 X 10" 2,2 X 1oJ.6 I 

-
-~.· 
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Q~ 
~! 
E~::: 
~Q) 
icl ... .._ 

~-c 
r.> 

Cl:l 
l1l 



Approved for public release; distribution is unlimited.

Page - :57! 
Report No. _300.9? 



Approved for public release; distribution is unlimited.

m PJ Page 58 

~arg~~~---------------------------------R-e-po_r_t_N_o_._3_o_o_o2~ 

I 
E. CERAMIC VAf,UUM TUBES 

1. Types 1~~ 

Six ty_..,es of ceramic tubes were irradiated during the Marquardt 
GETR-lA testt.. Two tubes of each of the following types were tested 
simultaneon:;.ly: 

Maximum Maximum 
Tube Type StatuJ Plat~ Plate 

Voltage Current,Ma 

G.E. 7077 '!'riode In Production 250 10 

G.E. Z2352 Triode Eng. Prototype 300 15 

G.E. Z2353 Triode: Eng. Prototype 300 8 

Sylvania Beam Power Eng. Prototype 250 53 
SN-2146B Pent ode 

Sylvania 1Alo-1.riode Eng. Prototype 100 4.5 
SN-2225 

The tubes were fastenned to aluminum plates and assembled into 
capsules as shown in Figure 8. The capsules were then irradiated i~h 
the guide tube faC!ili ty at GETR (Figure 4) at flux levels of 1 x 10 nv 
and 1.4 x lol2nv ::·0.48ev. Approximately 35 feet of leads were required 
between the capsule and test equipment. All data were taken statically 
using variable d-e power supplies and a curve plotter. Curves of plate 
voltage vs plate current at four grid biases were plotted at intervals 
during the irradiation. 

2. Resul':s 

In all cases failure occurred below 1.3 x lol7nvt> 0.48 ev. As 
shown in Figcres 32 through 36, which are average values for two tubes 
at various radiation levels, the tubes all underwent slight though 
noticeable changes prior to failure. 

L---------------------------------------------·--------------------------'-
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The G.E. Type 7077 failed before the other two G.E. tube types 
in the same capsule and showed the type of failure postulated for ceramic 
tubes,i.e., decreasing resistance of the cer~c causing the grid bias to 
become positive. Most of the types tested showed an initial decrease in 
plate current for a given plate voltage and grid bias following the onset; of 
irradiation. Lead resistance changes caused by ionization P.~;:ects could 
account for this and also for the ultimate failure of the tu1J3Sj however, 
this could not be definitely verified b~,r post-irradiation measurements • In 
fact, the opposite effect was noted in one type of thermistor tested in tha 
same capsules where the resistance increased by a factor of 105. 

A comparison of the change in resistivity of Al2o3 vs. exposure 
as shown in Figure 12 with the exposures a'ti which failure occurred in the 
ceramic tubes shows that failure could be expected at the doses received. 

This does not agree with previous G .E. data; but the higher gamma 
and neutron dose rates in the present testlmight have bad a pronounced 
effect. 

3. Conclusions 

Based on these tests, a preliminary operating limit of 1 x lol6nvt 
can be set for ceramic tubes. This would allow a Rafety factor of at least 
five and insure reasonably reliable operation as far as neutron environments 
are concerned. Since the failures apparently occurred as a result of de
creased resistivity of the ceramic, there is no reason to believe that 
reliability frcm the considerations of temperature and shock would be 
seriously affected. Actual use of the tubes would requirG that tests be 
conducted to Yarify this sup~tion. 
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F. SUBMINIATURE VACUUM TUBES 

J.. Types Tested 

Three subminiature tubee types were tested as follows: 

T1tbe Type Ma.'dmum fBximum 
PlAt@ Volta.!l@ Plat@ Ct M& 

G.E. 5902 Pent ode 110 30 

G.E. 6111 ruo-triode 100 8.5 

G.E. 6112 n.to-triode 100 0 .• 8 

Only one each of these tube types were included, but both sections 
of the duo-triodes were checked. Testing methods were identical with the: 
11ethods used for the ceramic vacuum tubes • 

2. Results 

The results of the tests are similar to the results of the ceramic 
tubes except tbl:\t all the tubes failed between .k x 1ol6 and 6 x lol6nvt 

>o.48ev. "':Phere was an initial rise in plate current for a given plate volt. 
age and at ultimate failure the tubes behaved like resistors. F1gures37 
through 39 show plate <..~u-rent vs. plate voltage a.; e. given grid bias for 
each of the ~ubes during the irradiation. 

3. Conclusion~ 

Subm:lniature tubes behaved more consistently than ceramic ttibea 
and :Jhowed a more definite damage threshold. Because of the limited 
number tested under these conditions, their suitability for use as 
control components can only be estimated to be about the same as ceramic 
tubes. 

~---~------------------------------------------------------·------- -
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G. THERMISTORS 

1. Types Tested 

Two types of thermistors were tested. One was manufactured by 
Victory Engineering Corporation.and bad a negative temperature coefficient. 
The other was a silicon-type manufactured by Texas Instruments with a 
positive temperature coefficient. Specifications for each, arc as follows: 

Nominal Temperature Maximum 
Manufacturer Type Resistance, Coefficient Temperature, 

ohms PercentL°C oc 

Texas Instruments Silicon TM-1/4 100 tl~ f().7 150 

VECO 21E2 100 +1~ -3.8 125 -
Two samples of each type were operated at 6ooc maximum temper

ature, in the GErR, at flux rates of 1.4 x lol2nv (e) and exposures to 
1.3 x lol7nvt (e). 

2. Results 

The TM-1/4 sensistor showed a continuous increas~· in resistance 
with exposure with a final resistance of 1.2 megohms or approximately a 
million-fold increase, as shown in Figure 40 • '.:Chere was no apparent effect 
of dose rate. 

The VEX::O 21E2 thermistors showed much less change; however 1 read
ings became extremely erratic between 7.85 x lol6nvt and 1.3 x lol7nvt. In 
addition, a sharp change was observed when the dose ratP. was changed, as 
shown in Figure 41 • A check of the heat transfer conditions 1ndicates 
that a temperature differential of less than l°C would result from increased 
nuclear heating, while the discontinuity represents an apparent temperature 
differential of approximatel. y l0°C. 

3· Conclusions 

Neither thermistor type would be satisfactory for precise temper
ature measurements at the exposure levels of this test. For this temperature 
range and exposure 1 Chromel-Alumel thermocouples would be much better from 
the viewpoint of stability to nuclear radiation. 
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H. SUGGESTED MURE PROGRAMS 

1. General Outline 

~hree important areas oi radiation effects have been established 
by the present program. For the future, current results indicate: 

a. Continuation of testing of materials and components to 
establish resistance to combined nuclear and high-temperature 
environments 

b. Reliability studies and methods for pre-operational testing 
of components chosen as satisfactory for nuclear applications 

c. Methods of modification of the temperature and nuclear 
environment to improve the factor of safety in the control 
systems 

Item a.is a continuation of the tests developed to date and wo\lld 
include such items as: 

(1.) Magnetic cores 

(2.) High-temperature semiconductors 

(3.) Temperature sensors 

(4 • ) Improved infra-red sensors 

(5.) Flux sensors 

{6.) Any new devices or materials with applicability to reactor 

(7 .) Pneumatic components 

Item"l:!' is the development of testing procedures to be included 
in actual specifications for operating components. The requirements are: 

(a) Non-destructive tests which can be used on components and 
assemblies to determine their suitability for use in nuclear 
environments 

(o) Statistical reliability tests which will give accurate 
reliability figures for design purposes 
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At present no practical method exists for meeting eitAer of these 
requirements. Tests by Boeing, Cook Electric 1 and Admiral Corporation and 
others have shown that gamma irradiations can produce both transient an~ 
permanent changes in semiconductors; however, insufficient testing has been 
conducted to provide sufficient data to determine whether this form of test
ing can be used to determine ultimate reliability in any given nuclear 
environment. Conversely, no environment exactly duplicating the environment 
expected in PLUTO is available. Even were such an environment available 1 

tests of large numbers of items from each individual batch would be required 
to provide good reliability data. At the present state-of-the ... art for 
semiconductors, it might be expected to test 10 items for each item used. 
Thus, for a system with 10 diodes, irradiations would be required on 100 
diodes of the same type from the same manufacturing batch. 

Therefore, it is suggested Items A and B be combined to determine 
if performing gamma irradiations on 100 components, followed by neutron 
irradiation of a portion of those components which have proven satisfactory 
to a given level of gamma irradiation, can be used as a method of providing 
reliability statistics in the least expensive manner. 

Item c. involves the philosophy of tailoring the environments to 
utilize existing proven components and is concerned primarily with the design 
and testing of shielding systems to reduce nuclear effects. This requires 
that actual systems be tested in an environment as siudlar as possible to 
that expected in PLUTO applications to determine if the shielding will 
produce the desired results an~ whether gamma heating problems can be ~ver
come practically. One of the major prcblems is that high efficiency neutron 
shields have a tendency to harden the neutron spectrum, i.e., increase the 
average neutron energy. If neutron damage is a function of the energy flux 
rather than particle flux, the possibility then exists that the actual shield 
efficiency is less than calculated. The information presently available on 
semiconductors is far from complete on the effect of neutron energy on damage 
at the higher energy levels. 

2. Specific Items To Be Tes12 d IW-ing the Next Contract Period 

a. Te!!$>erature Sensors 

(l). Thermo~ouple Sensors 

It is imperative that selected thermocouple materials 
(iridium/iridium-rhodium etc.) be tested under simultaneous high temperatures 
and fast neutron flux conditions to simulate the expected environment in the 
PLUTO reactor. 
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Measurements of these environments would consist of 
calibration, reproducibility, aging, and drift characteristics using a 
reference standard plati,lum versus platinum-rhodium thermocouple for com
parison. 

2. Thermocouple Insulators and P~otection Tubes 

Available data show a substantial reduction in resistance of such 
insulators as alumina, ~,gnesia, beryllia, and thoria with increased temper
ature and nuclear irradiation. It is imperative to procure practical con" 
figurations of these insulators and protection tubes in the various materials 
Testa would be conducted under high tempel'ature and nuclear irradiation 
conditions to measure resistance as a function of temperature and integrated 
flux, change in resistance With time (aging), and life. 

3· Infra-red Sensors 

Specifications on high-temperature, nuclear-resistant infra-red 
detectors were established during the present program; however, fUnds were 
not available for procuring sample units. These specifications should be 
re-issued during the coming contract period and efforts made to procure the 
most promising units for in-pile tests. 

Effort should be directed toward improving the infra-red radiometer 
from the standpointofbigh temperature and nuclear irradiation environments. 
The best approach to this effort would be directed toward improved infra-red 
detectors, optical systems, and electronic amplifier components. 

4. other TeDperature Sensors 

Pending results of the current investigation of resistance type 
and non-~tallic type of thermocouples, the study shouid be extended to 
measure the effects of nuclear irradiation on these sensors. 

b. Electronic ColllJi?onents 

The irradiation of newly developed high-temperature and nuclear 
irra~tation-resistant components like semiconductor diodes, transistors 
thermistors, tubes, and etc. should be continued to enable selection of most 
promising components for the control system. In addition to individual 
COJI!:?Onent irradiation, certain basic circuits should be irradiated to develop 
radiation tolerant circuits using radiation limited components. This may 
be accomplished by several methods. For example, two similar semiconductors 
may be used so that the deterioration in one is compensated by active feed
back from the other. 
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APPENDIX A: Semiconductor Diode Curves 
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INDEX TO CURVES OF IRRADIATED SEMICONDUCTOR DIODES 

Diodes Irradiated in Test No. l 

Ty;pe lN-210 

Hoffman. 
Semcor • 

Type lN-212 

Hoffman. 
Semcor • 

T:'[;pe lN-660 

Pacific Semiconductor. 
Texas Ir.st: •uments. 

Radio Receptor • 

Fansteel • 

Diodes Irradiated in Test No. 2 

Type lN-44lB -

General Electric • 

Type lN-485B 

Pacific Semiconductor. 

General Electric • 
Hoffman. 
Hughe .• 
International Rectifier. 
Radio Receptor • 
Texas Instruments. 
Transitron • 

Type lN-645. 
Pacific Semiconductor. 
Texas Instruments. 

. . 

• • 

• 

• 77 
• 80 

• 83 
• 86 

• 89 
• 92 

. 94 

.96 

• 99 

• 102 

• 105 
• 109 
• 113 
• 116 
• 120 
• 122 
• 125 

• 128 
• 1 1 
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Integrated 
Flu:c 

tl/cm2 E>.48oJ 

0 
2o5 X 101~ 
4.4 x 1013 

6.z x 1o1' 
8.3 X 1013 

1,3 X 1014 
1.5 x 1ol4 
1o2 X 1015 
4,1 X 1015 

5.2 x 1015 

7•3 X 1015 

2o0 X 1016 

Inte31'ated 
Flux 

N/cm2 E :>.48 e' 

0 
2.2 X 101-' 
}o9 X 1013 

5.6 X 1013 

7o5 X 1013 

1o1 X 1014 

1.3 X 1014 

1.1 X 10l,5· 
}.6 X 10l5 
4.6 X 10l.5 

6.9 X 101.5 
1•9 X 1016 

APPEiU>IX B 

lHFRAR'SD DE'J$CTOR DATA 

llit!T NO. 1 

Signal Level S/H Ratio 
(Arbitrary Unite) (Hum and 

Hoise) 

1.0 --
.69 ... 
.63 23 

·53 20 
.46 18 
• .;a 16 
.;;4 16 
.o48 --
.oo46 --
.0085 --
.0067 --
-- --

UNIT :to. 2 

Sit;nal Loyel S/N Ratio 
(Arbitrary Unito) (Hum and 

Hoiaa) 

1.0 --
0.90 -
o.sa .30 
0.48 2.5 
o.42 20 

0.41 20 

0.33 18 
o.o4s --
0.016 --
0.022 --
0.0022 --
-- --

Reoioto.no.;, 
o! Dotoctor Temporature 

(ohm:J) or 

420 It 135 
44o K 135 
4'70 K 1-'5 
470 K 135 
480 K 135 
510 K 1}5 

53<\K 135 
.530''K 1.52 
6,50 K 230 
560 K 26o 
18 K 215 

360 K 156 

Reoiotance 
of Dotoctor Tomr,erature 

(ohms) or 

580 K 13.5 
620 K 135 
670 K 135 
7lOK 135 
690 K 13.5 
7lOK 135 
7110 K 13.5 
8ooK 152 
44oK 2.30 
420 K 26o 
610 K 215 
?.9 M 156 

----------------------- --- --------
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Integrated 
Flux 

N/em2 E >.48 ev 

0 
13 2.2 x 10 . 
13 4,} X 10 

6.0 X 101} 
8o0 X 1013 
lo2 X 1014 

1o4 X 1014 

1ol X 1015 
),6 X 1015 
4,6 X 1015 
6.8 X 1015 
1o9 X 1016 

Integrated 

N/cm~~.48 ev 

0 
a.a x 1ol-' 
4,3 X 1oJ.} 
6,0 X 1013 

8.0 X 1013 
1o2 X 1014 

1o4 X 1014 

1o1 X 1015 

},6 X 1015 
4,6 X 1015 
6.8 x lo15 
lo9 X 1016 

APPEliDIX B 

INFRARED DETECTOR DATA 

mUT NO. ~ 

Signal Level S/ll Ratio 
(Arbitrary (Hum and 

Udtsf No is~;~) 

1.0 .... 
Oo7} --
0.78 16 
0.65 14 
0.54 14 
o.43 13 
o.}B 11 

o.o}S --
0.016 --
0.018 .... 
o.ol4 --.... .... 

UNIT NO, 4 

Signal Level S/N Ratio 
(Arbitrary (Hum and 

Unite) Noise) 

1.0 .... 
1.0 --
0.53 22 

0.47 18 
0.82 15 
0.73 16 
0.71 16 
0.010 --
o.oo47 -
o.ou --
o.oo44 ---- --( 

Resistance 
ot Detector Temperature 

_(olwsl ·~ 

58o K 13.5 
.570 K 1, 

570 K 1}5 

.590 K 13.5 
630 K 135 
670 K 135 
720 K 13.5 
1.1 K 152 
58o K 230 
590 K 260 
960K 215 
14o K 156 

Resistance 
of Detector Temperature 

(ohms) •F 

450 K 13.5 
4oOK 13.5 
690 K 135 
100 K 1}5 
390 K 135 
410 K 135 
410 K 135 
480 K 1,52 
8ooK 2}0 

690 K 260 
1.6 M 21.5 
270 K 156 
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lntogratod 
Flux 

N/cm2 E>.48 ev 

0 
1.6 X 1013 

3•.5 X 1013 

5e1 X 1013 

6.8 X 10 13 

1~03x1o14 
1o2 X 1014 

7,8 X 1014 · 
3•3 X 101.5 

4.3 X 1015 

6.2 X 1015 

1.4 X lO.LG 

1.5 X lC 16 
• 16 lots Y. 10 

: 
Integra tad 

Flux 
N/cm2 E.>-.48 ov 

0 
13 1,3 X 10 

3o7 X 1013 

5o2 X 1013 

6.9 X 1013 

1.00 X 1014 

1.2 X 1014 

9o6 X 1014 

3.1 X 1015 

4.0 X 1015 

.5o9 X 1015 
16 

1o3 X 10 

APPEP.DIX B 

INFRARED DETECTOR DATA 

UNIT NO. 2 

Signal Level ' S/N Ratio (Arbitrary (Hum and 
Units) Noise) 

1.0 .... 
0.97 --
0.77 49 
0.68 36 
o.68 34 
o.G1 41 
0.64 27 
0.13 --
o.oo26 --
0.071 -
0.10 --
1.8o --
0.21 ' .... 
0.077 o92 

UNIT NO. 6 

Signal Level S/N Ratio 
\Arbitrary (H•UII and 

Units) Noiso) 

-- -:~ .. _... 

1.0 .... 
~-

1.1 --
1.0 0.12 
2.2 o.o. 
~ 

2.0 0.2.5 
2.0 o.o 
1.5 0.0,58 
0.52 --
0.20 --
0.018 --
0.11 --
0.082 --

Resistance 
of Detector Temperature 

(ohms) or 

.530 K 13.5 
420 K 135 
410 K 13.5 
t•ao K 13.5 
420 K 13;5 
410 K 13.5 
410 I< 13.5 
10.5 K 1.52 
.85 K 230 

160 K 260 
200 K 21.5 
.550 K --
190 K 1.57 
100 K 1.56 

Resistance 
of Detector TemperatUre 

(obme} OJ!' 

-- 13.5 

-- 13.5 

-- 13.5 . 

-- 13.5 - 13.5 

-- l-'.5 

-- 13.5 

-- 1.52 

-- 230 

-- 260 

-- 21.5 

-- --
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..- ~...,...__,"' ...... 
I>: ~l)~r-.:- ted 

N;em2~~·~ .48AY 

c 
lo) X 1013 

3·1 x 1013 

5o2 X 10:_, 

6o9 X 1013 

1.o6x1o14 

9,6 X 1014 

}o1 X 1015 

4,0 X 1ol5 
5•9 X l0l5 
1.3 ~ 1ol6 
1.4 X 1ol6 
lo? X lol~ 
2.1 X 1ol 
2,2 ·x 1ol6 
2.22xlol6 

Integrated 
nux 

N/cm2 E > ,48ev 

0 
1e0.5 X 1013 
,3,4 X 101} 
4,7 X 10l} 

6.2 X 1013 
9o6 X 1ol3 
lol X 1ol4 

1•2 X lol4 
3o1 X 1ol4 

3o9 X 1ol5 
5o9 X lol5 
1,2 X 1016 

1.'4 X 1016 

1.6 X 1016 

APPErmiX B 

INFRARED DETECTOR DATA 

UNIT NO. 7 

S/N Ratio Sisno.l. Love1 
<Artit~F (Hum ~d 

Unit. .. Noise 

1.0 --
0.14 --
0.69 4.7 
0.62 4.0 

0.6? 4.,3 
o.61 ,5.2 
0.,53 ..... 
o.,, --
0.42 -
0.61 --
o.61 -
0.67 .... 
o.47 ;.6 
o.67 2,} 
o.67 1.4 
0.61 2.2 

UNIT liO. 8 

Signal Level S/1l Ratio 
(Arbitrary (Hwn and 

Units) Noise) 

1.0 --
lo1 -
o.12 '·' 0.7,3 ;.6 
0.72 2.1 
0.?2. ;.1 
0.73 ,3.1 
o.sa --
o.4o ..... 
o.l·g --
Oo3'r -
o.49 --
0.92 ~ -
o.4, 1.2 

---

Resistance 
o~ De~;cto:- Temperature 

ohms •F 

560K 130 
490 1{ 130 
540 K 130 
540 K 1;'10 

540 K 130 
51j{) K 130 
.310 K 14o 
62 K ;v20Q 
33 K ;v220 

' ' 
72 K N20Q 

-- --
300K ~147 

28o 4( <I'J 147 
720 K 110 

.. 730 K 110 
8oOK 110 

Resistance 
of Detector Temperature 

(ohma) or 

6.6 M 130 
6.1 M 130 
6,5 M 130 
6.5 M 1.30 
6,5 M 130 
6.5 M 1.30 
6.4 M ~'~130 

3.1 •r 'V14o 
970 K ,.., 2.00 

.540 K ;v220 
970 K "-1200 I 

-- --
2.6 M ~147 

2.'? M ~V147 
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Integrated 
Flux 

N/cm2 E> .48 e\' 

0 
loQ X 1013 
}o7 X 1013 

;.a x 1013 

6o9 X 1013 

l.o6xlo14 

1.2 X 1014 

.}.1 X 1015 

4.0 X 1015 

So9 X 1015 

1.:~ X 1016 

L'\tegrated 

N/ca~~>.48 eT 

0 
9.,5 X lOlZ 

}o9 X 1013 

5•5 X 1013 

7o2 X lOl) 
1.1 X 1014 

1.} X 1ol4 
1.0 X lol.5 
}o} X 1ol.5 
4.2 X 1ol.5 
6.2 X lol5 
1.} X 1ol6 
1.4 ~ 1ol6 

1.,5 X 1ol6 
lo8 X 1016 
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----------------------------------------~ APPL1DU: B 

INFRARED DETECTOR DATA 

UNIT NO. 9 .. 
Signal Level S/N Ratio 

(Arbitr&X7 (Buill an4 
Units) Noise) 

1.0 -·-
1.2 -
0.6} 1.1 

·' 
0.89 o.44 
0.95 0.6? 
0.84 o.67 
0.89 0.,5) 
0.,5} --
1.1 --
0.58 .... 
1o3 .... 

UNIT NO. 10 

Signal ~-_.el $/N Ratio 
(Arbitr&J7 (HWI and 

Units) Noise) 

1.0 --
0.91 

/ -
0.68 ?.4 
Oo59 ?.3 
o.6o 9.0 
o.6o 9.0 
0.,57 6.1 
0.39 .... 
0.42 --
o.a4 -
o.o43 --
0.012 -
l.} -
o.o13 -- -

Resietanc:e 
of Detector TemperatUl'e 

(ohms) •r 

- lZ7 
~ lZl .. 12.? 

-- 127 

- -- 130 

-- 126 

-- 132 

- 180 

-- 190 

-- 180 

Reaiatance 
of Detector 'retDperat\U'e 

(obu) •r 

560JC lZl 
420 lC lZ7 
.510 It 12.? 
4itoK 12.? 
lt8oJC 12.? 
4ltolt 130 
4ft<> X lZ6 
!tolt 132 
i? It 180 

a.s 1t 190 
4ol 180 

. -- --
280 I -:--

51 It 
'J· 

13? ~ 

-- 13? 



Approved for public release; distribution is unlimited.

.,rAJ/ Page 150 

~Af/8~~-------------------------------R-e-po_rl __ N_o_._3_000~2 

lntezrated 
~/em< nux 2 E '> 48 ev 

0 
8o6 X 1012 • 

4o) X 10l) 

6.0 X 1013 

1•9 X 1013 

1o2 X 1014 

1o4 X 1014 

1o1 X 1015 

3.6 X 1015 
4.6 X 1015 
6,8 X 1015 

1o9 X 1016 

Inte~atcd 
ll'lux 

N/cm2 E >.48 e1 

0 
5o8 X 1012 , 
4o3 X 1013 
6.0 X 1013 

7•9 X 1013 

1o2 X 1014 

1.4 X 1014 

1o1 X lol5 

,3.6 X 1015 
4,6 X 1015 

6.8 X 1015 

lo9 X 1016 

APPENDIX B 

INFRAR!i:D DETl~CTOR DATA 

UNIT NO. ll 

Signal Leyo1 S/rl Ratio 
(Arbitraey (Hum jd 

Unit a) Noise 

1.0 .... 
1.3 .... 
o.67 24 

0.56 17 
o.48 17 

0.3:5 15 
0.26 15 
0.0?4 -
0.021 .... 
0.0081 .... 
0.070 --
-- -

I 
). 

Uiii'l' NO. 12 

Signal Lovel S/N .Ratio 
(ArbitrD.rJ (ilum and 
Units) Uoise) 

1.0 -
1.0 --
0.57 a2 

0.,50 15 
o.4o 16 
0.}1 l2 

0.23 l2 

0.067 --
0.023 --
o.oo67 --
0.019 --- -

Resistance 
o.r ( ~et~)tor Temperature 

ohma ., 
3.50 K 127 
)4o It 127 . . 
)4oK 121 

36o K 127 

360K .... 
390 K 130 

390 K 126 

1.6 M 132 
1.0 M l8o 
86oK 190 
1.8 M 18o 

44o K 137 

Reaistance 
of Detector 'l'em,J..3ratqre 

(ohms) •r 

}10 K l27 
.330 K l27 
330 K l27 
350 K 127 
.36o K -
390 K 130 
360 K 126 

1.4 M 132 
1.0 M 18o 
820 K 190 
1.9 M 18o 

760 K 137 
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~Al~--·-----------------------------~-a~g~-n~N•o-·~3-~-5-.~ .. 

Integrated 
Flwc 

N/cm2 E > .48 ov 

0 

2o5 X 1012 

4.6 X 1013 

6.5 x 1o13 

8 .. 6 X 10l3 

lo3 X 1014 

lo5 X 1014 

lo2 X 1015 

Jo9 X 1015 

5.0 x 1015 

7o3 X 1015 

2.1 X 1016 

Integrated 
Flux 

~/cm2 E>.48 eY 

0 

1.3 X 1012 

4,6 X 1013 

6,5 X 1013 

8.6 X 1013 

1.3 X 10~: 
1.5 X 10 
1.2 X 10\5 

15 3.9 X lC 
5o0 X 1015 

7.3 X 1015 

2o1 X 1016 

APP:!i!IDIX B 

INFRARED DETECTOR DATA 

UNIT NO. 13 

Signal Level S/ll Ratio 
(Arbitrary (Hutll ~d 

Unit a) Noi£>e 

l.O -
0.95 --
0.52 44 

0.4:; 31 

o.,a 30 

0.28 29 
0.21 26 

0.38 --
0.012 -
o.oou --
o.oo89 -
- --

UNIT NO. 14 

Signal Level S/N Ratio 
(Arbitr81'1 (hwn and 

Units) Noise) 

1.0 -
1.0 -
o.48 130 
o.4z 48 

0.32 53 
0.020 64 
0.12 8? 
0.0:;4 -
o.oz4 --
o.oo46 -
0.013 --- --

Resistance 
of(~~)tor Temperaturfl 

OF 

470 K 127 

510 K 127 

500K 127 

530 K 127 

550 K --
570 K 130 

600 K 126 

2.0 M 132 

1.2 M 180 

750 K 190 
2.0 M l8o 

500 K 137 

~ 

Resistance 
of Det~}tors Temperature 

(ohms •r 

400K 127 
420 K 127 
420 K 127 
43(> K 127 
460K --
490K 1:!SQ 

530 K 126 

700 K 132 
1,0 M 180 

860K 190 
2.1 M 18o 

610 K 137 
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