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ABSTRACT

An area radiation detector, HP-R-211, which was removed from the Three Mile Island contain-

“ment building on August 16, 1980 has been examined. The detector had failed at some time .
following the accident and indicated erroneous, low radiation levels from that point on. This .|
report discusses the cause of failure, detector radiation measurement characteristics,. our . - *
attempts to reconstruct the gamma rate history from detector output stripchart recordings, and

our estimates of the total gamma radiation dose received by the detector electronics. We have

also Iidentified the radioactive contaiminants present on the detector and explored
decontamination methods. ‘ :
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1. INTRODUCTION AND SUMMARY FINDINGS

A. Background

On August 15, 1980, during the second manned entry into the
Three Mile Island (TMI) Unit 2 containment building, the first piece of
electrical equipment was removed for examination and laboratory testing.
The instrument that was removed is an area radiation detector having
the TMI-2 equipment tag number HP-R-211. This particular instru-
ment was chosen for examination because of its accessibility, its
similarity to other instruments found in the containment building,
and the desire to replace it with an operable unit. The detector
is a gamma radiation monitor manufactured by Victoreen (Model 857-2)
and employs a GM tube to detect events.A It had operated continnonsly
during and following'the écciaent;,however, it had indicated erfbneous,
low radlatlon levels both durlng the accident and at the time of
removal some 506 days later. Extensive in situ electrical measure-
ments were made on the 1nstrument from the TMI-2 control room by General
Publlc Utilities (GPU) and Techno;quifo;'Enérgy,Inc.l the day ‘nefore‘
réﬁovél.  Tne'détecﬁor was deliVeredfﬁo SéndianNational Laborat@%ies
on'dctober f, 19803for1extensive electrical and radiological exnmi-
naﬁion; The radlatlon detector ‘was removed as a part of the DOE "TMI-2
Instrumentatlon and Electrlcal Equ1pment Examination Program admlnlster—

ed by ‘the DOE/EG&G Technlcal Integration Office (TIQ) at Three Mlle
Island.

B. This Report

'This report summarizes the results of the Sandia examination

of - HP-R-211. The’Specific areas discussed are:

:“""'."’{:}M




1. the cause of failure,

2 detector characteristics and gamma doserate history,

3. total gamma dose received,

4. contamination nuclides and actaivity levels, and

5. decontamination methods and efficiencies.

One problem which we have encountered is that of striking a
balance between a completely thorough experimental and theoretical
examination and one which addresses the most important areas and
obtalns results for tlmely release. We belleve thls report achleves
that balance. In the interest of dlstrlbutlng our results as
qulckly as practlcable,some of our experlmental data has been
omitted from this report and is contalned in laboratory notebooks 2,318
Data felt to be most 1mportant in understandlng or supportlng con-

clusions are included here. This document is an expansion and update

of the prellmlnary flndlngs reported at the TMI 2 Informatlon and

Examination Program Internatlonal Semlnar sponsored by the U. S.

Department of Energy and held in Washlngton DC on November 21 and 22,

1980.

c. Findings and Recommendations

1. The mode of fallure of HP R-211 was conflrmed to be a
low impedance fault between the collector and emltter
1eads in tran51stor QG in the detector output c1rcu1t. The
‘tran51stor falled because of catastrophlc, non-anneallna. Dunch—
through from collector to emitter caused by hlgh voltage
breakdown and energy deposition. Substantial evidence
indicates that this occurred at least partially when the

reactor building sprays were initiated some 10 hours into




‘ ®

the accident. ’Spray and/or steam apparently entered the connector
assembly where the detector and cable mate and caused the 600 volt
GM tube powerlline to short, momentarily, to the signal output line.
The connector backshell does not look as though it was properly
mated to the connector insert. This, and the orientation in which
the detector was mounted provided an entryway for the moisture.

To prevent this from occurring in the future, we recommend that
Victoreen detectors of this and similar types be mounted with

the connector Eéléﬂ the housing and that the connector backshells
be potted. Even more fundamentally we question the need for
having anything other than a séncor inside the containment
building. Wherever possible, active clectronics should be located

outside containment.

The repaired, but degraded, detector exhibits a radiation level
indication which becomes multivalued when it is exposed to
3

radiation levels in the 10~ to 108 R/H range. Instead of remain-

ing pegged at its-maximum'lo4 mR/H indication in this range, the

readout ‘begins: to decrease at 103 R/H, reaches.a minimum at

approximately 50 x 103 R/H, and then begins to increase there-
after. This characteristic is caused by detector to cable
impedance micmatchec and is accentuated‘by,long cable lengths

and radiation’dcgradation of detector transistors and the GM

tﬁbe. Thié ¢oﬁ1a preseatAa‘hazaidous sicuation in a reactor

LbCA wherein radiation degraded detectors may indicate radiation
levels to be significantly ler; than they actually are. Changes
in circuit‘design and/ox the use of”mcfe :adiation tolerant
cransistors can correct chis probleh.‘

We‘havc been unable to reconstruct the time history of containment

building gamma radiation using the -HP-R-211 stripchart data at

this writing., ' These data have certain characteristics during




the first several days of the accident which we cannot fully
explain. Hopefully, the analysis of other detectors and the
Dome monitor will provide information to fill in gaps in our

understanding of this detector. A separate report will address

this subject.

Both transistor and elastomeric data indicate that the electronics
inside HP-R-211l received a total gamma radiation dose of approxi-

mately 2.5 x 10° rads. This level is appreciably below some

earlier estimates.

The major radionuclides on the outside of the detector were found
to be CS~-134, CS-137 and SR-90. The concentration of CS-=137 was‘
found to be 0.973 pCi/cm2 on the top horizontal surface and

0.103'pCi/cm2 on the side and bottom surfaces. These findings are

higher than those obtainéd using swipes on floors and walls.l?

i

The approach used to decontamlnate the detector out51de was to
av01d scrubblng and mlnlmlze the use of caustlc chemlcals. We
found that as much as 44% of the contamlnants were removed 51mp‘y
by handllng durlng shlpment and contamlnant characterlzatlon. Low—
pressure water and detergent sprays were 1neffectual. Low-pressure
steam and mlld phosphorlc ac1d washes (Turkel 4512A) were the most

eff1c1ent. Even so, only about an order of magnltude reduction was

achieved usxng all of the above steps.




IT. DESCRIPTION

A. Detector Channel

HP-R=-211 (SN 359) is one of six containment building area
radiation monitors. It was mounted on a pillar at the 305' elevation
near personnel hatch No. 2, as shown in Figure 1. Similar detectors
are mounted at the 305' elevation near the equipment hatch (HP-R-212),
the 347' elevation near the incore tubes (HP-R-213), and the 347'
elevation fuel handling bridges (liP-R-209 and HP-R-210). In addition,
an ion chamber monitor housed within a lead shield is located at the
372"elevation'350ve the elevator (HP-R-214, dome monitor). Separate
instrumentation cables connect each detector located inside the con-
tainment building to ratemeter readout electronic modules located in
the TMI-2 control room.  There, a multipoint stripchart recorder
(HP-UR-1901) records eéch readout using a sample interval of 1 minute.

Figure 2 shows the ¢able interconnect diagram for HP-R-211. The
detectorrpower and signal cable exits the containment building throuagh

penetration R507 and eventually connects to a remote readout and alarm

located in the anteroom, From there, signals are distributed to the

5contrql,room, whe:e,thé ratemeter (readout electronics and power supply)“
is lbcéféd,,and back~into‘containment,to,an alarm. It is notéworthy
that thé HPfUR;1901~stripchartﬁsh6ws,traces‘fot only detectors 211, 213,

and 214 at the time‘of'reactor‘trip. The trace for 212 is unreadablé.“

11
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FIGURE 1.

TMI Unit 2 305' Plan Layout. Radiation detector HP~R=-211'
(HP-R211) is located near Personnel Air Lock No. 2.
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B. Removal

Extensive preparations were made prior to removal to minimize
the time spent by the GPU staff inside the containment building. This
included practice on a full scale mock-up assembled by the TIO staff.
The plan was to remove the faulty detector and replace it with a
functional one. Unfortunately, during removal (Figures 3 and 4) the
cable was detached from the connector backshell at the point where
solder connections are made. The result of this was to make it imprac-

tical to install the replacement.

C. Detector Description

The Model 857-25 detector, shown after removal in Figures 5,
6 and 7, consists of a painted,rhominalts mm thick aluminum housing, a
64 x 137 mm glass epoxy circuit;board with electronics, an O-ring seal,
and a waterproof Bendix connector., The detector is connected to the
Victoreen Model 856=-2 ratemeteg (Figure 8) through an estimated 159 m
(523 ft.) of cabling. The p:igted circuit bcard holds the Geiger-
Mueller (GM) tube and signal conditioning electronics. The detector is
not loss-of-cooling-acciden; (LOCA) qualified bu§ dogs have a gocd O-
ring seal &nd éturdyvﬁousing andkis designed :to function up to a total
accumulaﬁed radiation dose of 103 rads. This unit was set to indicate
radiation rat;s:fanging from b.l mR/H to 104‘mR/H. The ratemeter was

adjusted té:actuateithe alarm at 50 mR/H. :A.0.0ékuCi Ra-226 check

source can be used to indicate operabiluty.




ST

FIGURE 3.

Detector Removal. The detector has been removed from the
wall slide bracket and the cable is being disconnected.




FIGURE 4, Elevator Shaft and Airlock. The detector was located
directly in front of the technician in the center of
the picture. The personnel airlock entryway is shown.




FIGURE 5., Detector Outside Case. The corrosion is apparent on
the dutector shown approximately as received at Sandia
(the nameplate has been removed for isotopic analysis).

FIGURE 6. Detector Exploded View. The 211 detector circuit
board was mounted on a spare front plate for testing.
The O-ring seal channel can be seen on the case.

17




FIGURE 7. HP-R-211 Circuit Board. This picture shows the
actual circuit board as removed from the housing.
Notice the clean, uncorroded appearance. The GM
tube is shown on the right end.

opecsts
off | sarm
mR/h
VICTORERN, INC.
tail high
safa alarm
check resst
AREA MONITOR fource
_VICTOREEN : : O

FIGURE 8. Ratemeter Face. The Victoreen channel measures
radiation rates of from 0.1 to 10% mR/H.
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Figure 9 shows a circuit diagram of the detector. The GM tube
operates from a 600 volt DC power supply which is current-limited by
2 M2 resistors both in the detector and in the ratemeter. The signal
conditioning electronics of the detector uses a +10 volt DC supply. The
Ra-226 check source is switched from behind a lead shield by the
application of ground to one of the check source leads at the ratemeter.
A DC voltage of 22 volts is used for the driver solenoid. Transistors
Q4 and Q5, under normal range operation, form a cross-coupled toggle flip—
flop. Each breakdown of the GM tube“generateé a narrow pulse which is
amplified by the Ql amplifier and routed to the flip-flop. This binary
changes state after each pulse. The flip~flop output is buffered by
line drivers Q6 and Q7. Thus the detector output is a zero to 10 volt
logical signal whose frequency is dependent on the rate of GM pulses.

A pulse counter placed on the detector output measures only half the

_.number of aétual "event" GM pulses. The Signal Output goes to a log

pump circuit in the ratemeter, as shown in Figure 10. A discrete

summing amplifier sums all the log pump voltages, amplifies the sum and

'produces meter and computer outputs. The computer output is a zero

o 1V signal which drives the HP-UR-1901 stripchart recorder. The
detector is calibrated by first adjusting the +10 and +22 volt sources.

The detector is then placed inside a Victoreen field source having

three radiation rates (this detector was calibrated with a source of
apéroximately 49,’360, and 1800 mR/H) and "zero" and "gain" pots are’
alternately:adjusted. If the rate that photons arrive at the GM tube
exceeds a certain upper limit, the GM tube cannot respond to each
individually and tends toward a constant discharge.’ This high frequency
train of pulses or constant discharge current is integrated by Cl in the
detector and causes the "antijam" circuit to become functional. Tran-
sistor Q3 switches on, and subseguently causes the Q4, Q5 Zlip-flop to

become a freerunning multivibrator, whi¢h oscillates at afnearly

19
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‘i constant 40 kHz. This frequency is high enough to cause the readout

meter to peg on the upper limit. This antijam circuit thus should

prevent a decrease in the detector output freguency for radiation

levels higher than approximately 104 mR/H.

D. Specifications

The electrical specifications for the detector are shown in

Figure 11.

V,E., Contéinmépt EﬁQi:onmgﬁt
Dinhg thé'fi;st déy of the accidqnt'the énQironment*inside
containment was pnéQQf ihteﬁséibefafand gammé‘féaiatiop, steam, moderate
tempéréture excufsio;s,;a,hyarégen burn énd the resultant pressure
spike, andaNaOH/bbron‘spfay;: No attempt will be made‘here to:guantify
 these ;ﬁrdetgiif, Genefally,ftﬁe nominal tgﬁperatﬁre‘eXperienqed by thié
'deteCtbr was probébly:54?c (130°F) and peakéd at 85°C,(1859F).6 The
pressurekspike was 3p§£okimately 1.93 x 10? ?a;(28 péi).6 The building
,spréy was initiaﬁed a£ i350 Hrs on March 28} some 10;hours after the
'?Start'ofithe a¢cidéht; énd lasted fpr §pprQXimat¢iy é minutes,  Cther
‘ events‘happening during the first day can be found in refereﬁce m%te—”
6,7 '

rial. .High'radiation levels and high‘humidity characterized the

.building environment over the remainder of the period before removal.:




Feature Specification

Dimensions. . . « + + » ¢« « « «+ « « s« « 3 in. diameter, 7 1/8 in
high (7.63 cm, 18.1 cm)
Weight. . . . . . « +. -« . « « «. . .Approximately 1 1b. (0.45 kg.)

Mounting. . « + & ¢ = ¢« + « o« « & 4 s « o« « « « « » .Wall Bracket
Radiation detected., . . . . 4 4+ « v + « « +» +-%+ +« o . JGamma rays

Energy dependence of reading. . . . + 15% from 100 keV to 1.5 MeV

Range of radiation meazureable:

857-10 . .+ . v 4+ 4 + . . . 0.0l to 103 aR/hr. (Lo-channel)
85720 . . % . « . . . . . . 0.1 to 10% oR/hr. (Med-channel)
857-30 . . . . . .. . .. . 1.0 to lOs,mR/hr. " (Hi~-channel)
Temperature limits. . . . . . ... . . . =20 deg. F to 140 deg. ¥
R - (=29 deg. C to 60 deg. C)
PressuféAiimiés . ;‘. . .k.v;l.‘; :7. . ; R | PSis.
iDetéctorkéleméﬁﬁklifé . . « .. .Excéeds 100 hours at full scale
Electronic exposure life. . . . . . . . . .Approximately 10° Rads
Connector required. . » « + + « s . . . . .Bendix #10-72628-18S

Check Source: (Microcuries of radium):

Det. Model 857-10. . . . . . . ¢ 4 o « ¢« « o « « .+ .+ . DO
Det. Model 857-20. . . . . « v ¢ « 4 = = « « « « « » . [.O08
Det. Model 857-30. + + +« + & +v ¢« % « ¢ = » o « « » « . 0.,1¢

FIGURE 11. ,Detegﬁor Electz;ical'Characteristics5
B © . HP-R=211l was a Model 857-2 and had
serial number 359.
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1. ELECTRICAL/PHYSICAL EXAMINATION AND FAILURE MODE

A. Physical Exémination

As shown in Figure 5, the painted aluminum housing of the
detector is heavily corroded where pinholes in the paint allowed the
underlying aluminum to be attacked. Chemical analyses have been
performed on the Victoreen nameplate (top horizontal surface) specif-
ically looking for sodium and boron. Both sodium and boron were
found in moderate concentrations (see Table 8). The white granular
material on the connector threads yas found to be CaCO? (residue from
tap watéri‘ﬁy X-ray diffraction analysis. Analysis of tﬁe sufface'
around the cbnnector solder pots will be discussed later. These were
the only chemical analyses performed with the exception of the radio-
chemical analyses. The Buna Nitrile C—ring and sealed connecter per-
formed exceptionally well in keeping contaminants out of the inside of
the housing. The circuit board is shown in Figure 7 and, under close
visual and radiological examinatioa, was found to be clean; no radio-
active cbntamination was found. Except for the corroded housing, no

other mechanical defects were observed.

B. Electrical Measurements:

Prior to Removal

 Before thé detector was rémoved from_the céntainment building,
extensive‘in situ unpowered and powered electrical tests'were performed
by TEC on the detectorkc‘:ha’mnél.1 vThese teéts showed fairly conclusively
that a resistance of approximately 305 ohms existed between the signal
output (pin G) and the +10 volt (pin C) detector lines. The observable
effect cf‘this shunt resistance was to cause the output signal level to
switch between 5.7 and 9.3 volts rather than from 0 to 10 volts. The

fregquency of the signal looked reasonable (for some, as then unknown,

radiation rate).
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Unpowered Tests

Similar passive resistance and impedance checks were made on
the detector on arrival at Sandia. For comparison, data were also taken
on a test detector (Vlctoreen SN 673), whlch is the same model as HP=-R-
211. Table 1 lists the unpowered re51stance measurements taken at
Sandia and TMI. Probably the only differences in readings are those
due to differences in ohmmeters. These tests show a 296 ohm resistance

between pins G and C. WNo other irregularities were observed.

TABLE 1. UNPONERED 211 MEASUREMENTS

'OHMMETER POLARITY/ RS Reszxszgcs‘
. LINE TO LINE MEAS, o ’ OHMS
= = 211 TS —TEST
. AT _TMI AT SANDIA DETECTOR
+10v Gnd. 6.47K . 5.6 6.04K
Gnd. +10V 8.59K 8.50K ©11.67K
+10v - sig. — 305 « 296 7.95K
Sig. +10v g 305 296 5.59K
Gnd. sig. 8.62K - 8.52K 1 8.44k
sig. Gnd. 6.53K 5.78K 6.98K
+600V Gnd. . Open Open Open
Gnd. +600V ' Open " Open Open
cs1 - cs2 . 40.2 27.5 24.2
‘cs2 - | - esi - 40.2 27.5 ¢ 24.2

Powered Tests

,For all powered measurements, whether iﬁ the laborato:y o at
the Co- 60 gamma fac111ty, a standard Vlctoreen Model No. 856 20 rate-
meter was used to supply power and process the detector signal output.
In addition, a Vlctoreen Moéel 857~-2 test detector was characterized
along witﬁ the 211 detector for comparison. There was, however, one

problem., In order to obtain accurate ratemeter readings, the ratemeter

power supply voltages sre normally adjusted to specified limits; then,




using the detector and a known radiation source, the zero offset and

gain of the ratemeter are set. Unfortunately, because of GM tube dif-

ferences, the zero and gain must be adjusted for the particular detector
being used. Since this was not possible for 211, because it had failed,
only the power supply voltages going to it were adjusted. The zero and
gain adjustments were left as set at the factory. ILater, when 211 was
repaired, a calibration factor was determined. Thus, any ratemeter/
detector mismatches could be eliminated; and, as will be shown later,

this proved to be a good approach.
Table 2 shows theiuncorrected voltage aﬂd meter readings
obtained when 211 was:initiéllylpoﬁered. Again, the TMI and test

detector data a?e included for comparison.

TABLE 2. POWERED 211 MEASUREMENTS (DC)

QUARTITY MEASURED i MEASUREMENT

: . 7171 211 TEST
AT _TMI AT SANDIA DETECTOK

+10V vy 9.3 . 10.04 10.06
V‘*SIG. vy 5.7/9.3 6.7/9.9 0.07/10.0

+600V (V) 605 598.8 599.1

+22V (v) 13.66 20.75 21.1

cs 1 {mA) - 2.44 2.55

Mtr (mR/H) 1.5 0.2 0.15

Rec (mv) - 0.5/1.0 0.35

the TMI and Sandia measurements (arrow).

The conclusion is that all

 The effect of the shunt resistance is apparent in the SIG. voltages in

measurements both at TMI and Sandia point to the same failure '‘mode.




C. Failure Mode

Following tests at the Sandia gamma range facility, the
detector was opened, node voltages were measured, and the failure was
diagnosed. Transistor Q6, a Motorola 2l~-3906, was removed and found to
exhiibit a 162 ohm collector-to-emitter shunt resistance. No other cir-
cuit abnormalities were found. Figure 12 shows several of the more
important transistor Q6 characteristics as measured on a curve tracer.
The collector current characteristics show the presence of an approxi-
mate 160 ohm slope on any given base current curve. The transistor
gain and the base-emitter junction characteristics are all proper. The
presence of this apparent shunt resistance is consistent with the pas-
sive tests due to the nominal 100 ohm current-limiting resistor R20 in
series with the collector of Q6. The Motorola 2N-3906 is a general'
purpose 350 mw,\epoxy encapsulated PNP transistor which is designed to
Operate with a naximunkcollector"current of?260 ha} ifhe‘collector:to
emitter breakdown'yoltage‘is rated at 40 V. The epoxy case was removedv
by grinding the surface away until the semiconductor chip cavity was
exposed; 'normal solvents were ineffective.' The chip shown in Figure 13
has a large amount of foreign material on the surface (not due to the
grinding operation, since an additional coating of RTV=- like material
had to be removed). The metallization is shown removed in Figure 14,
and a punch-through defect exists under the center emitter finger.
Probes were in fact maFe of each finger, and the failure was electrically
isolated to the middle finger. This type of failure is typically caused.
by high voltage breakdown from collector to emitter and a subseguent
transient surge current. The energy‘deposited is enough to destroy the
normal lattice structure and actually diffuse aluminum metallization
into the lattice to cause a resistive path. Had the transistor been
overheated through high power dissipation over a long period of time,
much of the metallization would probably have been melted. Aas it is,

however, the defect points to a rapid transient.
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FIGURE 12.

Transistos Q6 Characteristics. The top
curve is BVCBO, middle curve is BVEBO

and lower curve is coliector current
characteristics. The effect of the 163
ohm anomaly is seen as .the slope of the
collector current characteristics for any
particular base current of the family.
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FIGURE 13.

FIGURE 14.

Q6 metalization. The punch through defect is
apparent even through the emi “er metalization
(three fingers). This photog..aph was taken
after chip probe but before the metalization
was stripped. WNotice the large amount of
foreign material present.

SEM Photo of Defect. The metalization was
stripped, and a scanning electron microscope
was used to examine the chip in detail.

The punch-through is noted. Prior to complete
metalization removal each emitter finger was

individually tested. Only the center finger
was defective.
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D. Cause of Failure

While we cannot say with absolute certainty how and when
transistor Q6 failed, the evidence indicates that the failure was caused
either by a transient short in the detector connector backshell} from
the 600 Volt GM tube supply pin to the signal output pin, or by a high
voltage pulse generated elsewhere, which traveled down the sable on the

signal output line. Of these two possibilities, the former appears to

be much more probable.

During the removal of the detector from the containment build-
ing, the GPU technician was unable to unscrew the connector from the
detector, even with the aid of channel-lock pliers, While attempting
to loosen the connector, he applied downward pressure on the detector,
and it broke free of the cable. The detector, connector first screw-
ring assembly, and pin insert were removed as one piece. Figure 15
gives an exploded view of the connector assembly and pin connections.
Later examination of the free cable end after its removal revealed the
second and third connector screw=-ring assemblies to be mated and encased
along with the cable end in Raychem WCSF heat-shrink tubing. This
tubing was tightly molded to the connector part and covered at least
the lower 20 cm of cable. In fact, three layers of heat-shrink tubing
were used &3 shown in Figure 15 to produce what appearsrto be a good,
watertlght seal between the connector and cable. Since he did not
attempt to rotate the detector to unscrew it when he could not turn
the connector, apparently the second screw-rlng was not mated or mated
by less than one thread.tO‘the:threaded insert. Corrosion on the con-
nector insert and inside the second connector screw=ring indicates
exposure to steam or liquid. Scanning electron microscope (SEM) and
energy dicpersive spectroscopy (EDS) studies mede on the insert around
the solder pots were inconclusive in the search for sodium there

(because of instrﬁment limitations on the detection of low 2 elements).
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FIGURE 15. HP-R-211 Connector Assembly. The second screw-ring
assembly was apparently not screwed onto the pin
insert. '




A chemical analysis was not performed. We believe that steam and/or
NaOH/B spray entered the connector backshell through the loose~fitting

insert-~to-second screw-ring junction.

To investigate this postulated mode of failure, several labo-
ratory simulations were conducted and will now be discussed. The
presence of the 100 ohm current limiting resistors in the signal output
line preclude Q6 from being destroyed by a short of the signal line to
ground. In fact, DC shorté werermade from each connector pin to the
next, using the test chanﬁel, and a failure cQuld pbt’be iﬁdubea. 'The
600 Volt line has a 2 Megohh)cﬁrrent iimiti&g rééiStdf'at ﬁhé’ratemeﬁer;
even though the’transistor‘can break dowh;‘fhe steady—étaté;current ié
fiimited to only 300 Microampéres. No diSchafge pathswﬁerg‘féqnd on the
circuit board. Recall however, that some 152 M (500 ft.) of cable con-
nects the detector to the power source. We found that the energy stored
in the line capacitance was sufficient to cause punch-through. This was
found by conducting the following experiment (refer to Figure 16):
Capacitors of 0.015 uF and 0.01 uF were connected to the signal output
and 600 Volt lines going to'the test detector to simulate the charges
stored in the 50 Ohm and 75 Ohm cable capacitances. A switch was then
thrown to discharge the capacitor on the 600 Volt line into the signal
output. This results in a surge current of approximately 6 amperes.

The circuit diagram shows a possible current‘path, I.
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*QUTPUT

FIGURE 16. Test Circuit Showing Energy Discharge Path

We openediand closed Switch:S rgpeatediy;while‘conSténtiy monitoring
the'signal output line. VAfter approximaﬁely AO“CIosureé.the "Oo" level
vo;tage had incrgésed to 6.65 Volts. VAfter 80 cloéures; the transistor
’in siét Qélwas rémerd,:tested,and;found;to exhibit a 96 Ohm collector-
ﬁo-emiﬁte% résisﬁivé/patﬁ,LsimilarVtotthat in the ‘failed detector. No
other bifcuit defects,we;g observed. Tests have. been conducted on four
'cher 2N 3906 £ransisths from a differént;manufacturér:and on two
higher carrent 2N 2904's. All could be made to fail with a single
discharge, but only if the 100 Ohm current limiting resistor was
decreaéed. One 2N 3906 failed when the resistor was 72 Ohms, however,
all others required leer resistgnce. The capacitive model of the cable
does notvsimuléterexactly the cable characteristic impedance of 75 Ohms

and stored charge, since the cable is\a transmission line and will

appear to have a 75 Ohm source impedance. Since the line is not




terminated in 75 Ohms on either end, it will also ring. This will
reduce the peak currents somewhat. Nevertheless, we conclude that
for a weak device, one having a thin base and geometry sensitive to
high current densities, a failure similar to that experienced at TMI
can occur in one or more discharges. The following experiments were
conducted to determine the detector response to steam and spray

introduced to the connector backshell.

Steam and Spray Experiments

The HP-R-211 stripchart recording (Figures 25a and 25b)
exhibits only a single:observable discontinuity. ' This occurs at
approximately 1350 hours. during the time of either the hydrogen burn
or five minutes of: building spray.‘zThe,signal‘first rises, drops

Fto zero for approximately two minutes, and then steps back up
abruptly to a level somewhat lower than it was prior to the transient.
This five minute perturbation suggests a point in time at which the
failure could have occurred.

Severaivsimpie expériments‘wéré coﬁduéted to understand in
a macroscppic way the surfadefcénductiéity hnd electrical conduction
mechanisms’with regafd‘to pin-té-pin cohduc?ion in the connector
backshell. Surfacekconductiyity and breakdown‘effects are discussed
in some detaiiiby Stdetzer9 and will not be; covered here. Suffice
it to say thatkconauctivity ﬁs éreatly depe?dent on the surface
material,,surfaée éontaminants,ftemperature; humidity and voltage
potential difference. The d;awing of éhe connector backshell pin
arrangement in Figﬁre 15 shows that the "caée“ is grounded, and the
600 Volt pin is sepératea frbm the signal o@tput pin only by an unused
pin. We postulate thatAsomething similar té one of the following

events occurred during the transient period:
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The rubber surface of the connector backshell was
contaminated. Either steam was forced into the
backshell by a pressure differential resulting

from the hydrogen explosion, or the hydrogen
explosinn flattened water droplets which had formed
on the surface due to steam condensation. 1In either
case, the 600 volt and signal output pins were

momentarily shorted; or,

A droplet of NaOH/B spray traveled down the cable,
entered the connector backshell through the loose
connector fittihg and momentarily\shorted the two

pins.

In either case Water entered the connector backshell.

In our experiments, we.found the following:

, Steam condensatlon on a cool connector surface,

contamlnated only bj normal handllng, tends to form
constant, lohg duratloh, low re51stance paths between
pins. Small water droplets, 1n1t1ally formed, flow
together until the gap between pins is bridged.

Once the plns are brldged, conductlon takes place

untll the large droplet evaporates or lts ionic

contamlnatlon is depleted. ThlS could take mlnutes
or hours ‘to occur, and durlng that time the detector
output would be zero. There is no ev1dence of this

on the strlpchart records.

Steam condensation on a heavily contaminated surface tends
to "wet" the surface, resulting in short duration, low

resistance conduction. Droplet formation is minimal. Resis-
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tive paths between pins can form quite abruptly and disappear
as fast. Interestingly, even in the presence of steam, the
~ath can open quickly and remain open. This is illustrated in
figure l7a. Here, using the test detector and its connector,

. we deposited NaOH of PH 12.7 on the surface and allowed the
water to evaporate. We then directed steam onto the surface,
and after 100 seconds the signal output dropped to zero indi-
cating a reduction in the 600 Volt to somewhere below 380 Volts.
A minute and a half later the detector recovered and did not
fail again even in the presence of steam. What happened was
that the sodium ions were attracted to a more negative terminal,
the surface near -the 600 Volt pin was depleted, and conduction
terminated. In fact, water ceased to wet this area and even to
form droplets there.. Figure 17b shows-the 600 Volt line in the
test where a large droplet of:NaOH had been introduced between
pins. The 600 Volts decreased abruptly then rapidly increased
time-after-time  (the 0.01 pF capacitorvwas used to supply
energy). Tiny arcs could be seen' around the 600 Volt pin.

Each one of these delivered energy to ground or to ground

through another pin.

We conclude from these tests that a large droplet of water or
spray was not in the connector shell due to the absence in the strip-
chart recordlng of any long duration short or repeated signal 1rregular-
ities. A highly contaminated connector, introduced abruptly to only a
small puff of steam,’is sufficient to produce the single drop-out noted.
The presence of sodium is 1nd1cated, and it is possible that even though
a 51ngle dlscontlnu1ty was observed other short duratlon discontinuities

could have occurred wlthout belng reglstered on the str;pchart recording.
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FIGURE 17a. Steam on a Contaminated Backshell. A detector
connector backshell was exposed to steam after
the backshell was first contaminated with NaOH.
NaOH was introduced and then allowed to dry
before steam was applied.  The top trace is
~ the 51gna1 output, and. the lower trace is the o
"ratemeter output. The detector Eailed after about
1.5 minutes, of steam, but recovered even. though
‘steam 'was still belng aoplled.
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FIGURE 17b. Large Droplet Formation. A similar experiment to
. ‘that shown in Figure 17a was conducted, except
that here all of the detector pins.are covered
‘with a water droplet. The 600 Volt power
line is plotted versus time. Repeated surges
are delivered to a load during each breakdown.




E. Conclusions

The detector was found to operate properly in all respects
after the defective'transistor Q6 was‘replaced (except for the multi?
valued readout'discussed in(the:next section).: The detector environ-
mental seal vas good,hand no radioactive contaminants were found on
the electronics inside the housing. No mechanical damage, or elas-
tomeric material degradation was visible inside the housing or on the
connector insert. The housing outside was corroded and pitted.

The failure of'transistor Q6 is thought to be due to high
voltage breakdown and rapid energy deposition. Although this energy
could have been delivered down . the cable due to EMP or some such
transient, we have found no other ev1dence of this. 1Instead, we have‘
been able to cauSe tran51stor degradatlon in laboratory tests where
energy stored on the 600 volt cableg;s rapldly discharged onto the
signal output pin. This has been shown’to be possible when the
detector connector backshell is subjected to a steam and/or spray
env1ronment.r The ev1dence lndlcates that the, connector insert was'

apparently not properly mated to the connector second screw-ring
assembly, thus prov1d1ng an entryway for steam or spray to make
contact with exposed connector pins.. Although the manner of failure
is fairly'clear,'the precise time'of failure is not; Thetonly strip-
chart dlscontlnulty occurred at the tlme of the hydrogen burn,dand
this point represents the most llkely tlme of fallure, however,yas
will be discussed in the next sectlon, further deqradatlon of transistor
Q6 must have occurred after the hydrogen burn with some degradatlon
p0551bly occurrlng even before the burn. Our steam and spray tests
1nd1cate that a connector backshell lnsert w1th no abnormal chemlcal
contamlnatlon,‘when subjected to steam only;Awould produce an obv1ous
strlpchart dlscontlnulty. Once the 1nsert is contamlnated w1th sodlum

or other 51m11ar contamlnant, however, it would be p0551ble for transxents

to occur and not be detectable on the strlpchart readout. The most
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likely scenario, thereforé, seems to be one in which major transistor
degradation occurred at the time of the hydrogen burn and then further
degradation was incurred after the backshell was contaminated with
sodium. We have no direct evidence from the stripchart recording that
transistor Q6 was degraded before the hydrogen burn, although the
possibility exists. All other detectors recorded on the stripchart
reacted in the same manner as IP-R~21ll at the time of the spray initia-~

tion but all did not recover.




IV, DETECTOR CIARACTERISTICS AD RADIATION TIME HISTORY

A. Discussion

Our findings show conclusively that the only failure
experienced by HP-R-211 was that of transistor Q6. When this failed
transistor was replaced, the detector operated properly up to radiation
levels of 500 R/H. At levels higher than this the radiation decreases
as the inputylevel is increased. This is caused by detector to cable
and cable to readout module impedance mismatches. These cable
mismatches cause erroneous, low radiation readings when radiation levels
éfevin the rénge of 500 R/H to 106 R/H. Thié beha&ior is hardly
~noticea}:yale’on"new, ﬁndegraded detectors; but becbmes dramatic when

transistor gains have been degraded by radiation as in HP-R-211.

without_a Qqut ;he most‘difficuit task‘has_been that of
iattemptingito ;econstfuct the?cqqtainment~gamma radiation time history
as measured by HP-R-211. Of the four radiation detectors normally
used to monitor contaihment radiation, only two, ‘HP-R-211 and
HP-R-214, have continuous stripchart outputs both during and since
thé accideht. They}‘then, represeﬁt our best opportunity to supply
accuraté records of containment‘gamma radiation. The failed transistor
in HP-R=~21l1l caused erroneous, low rédiation readings which possibly éan
be corrected with the use of the proper scale factor.

Studies10

to date of the dome monitor (HP-R-214) record have
uncovered several problems in interpreting its output. Among these is
the significant difficulty of transforming radiation levels measured
inside a 4 cm lead shield to radiation levels outside. Also compli=-

cating the analysis is the probable éxistence ofva 0.3 cm diameter hole
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in the lead shield. 1It may never be possible to unravel the HP-R-214
data.

Detector HP-R-213 failed at the time of the hydrogen burn.
Unfortunately;‘much of the time it was pegged at its maximum reading
of 104 mR/H. HP=-R=-212 was apparently not recorded until it was
swit~hed on 92 days after the accident. It functioned for 128 days
thereafter until it also failed. The two fuel handling bridge
detectors appear to have been off during the accident, and no records

exist for them. Thus, HP-R-211] may represent our best chance to

obtain a composite doserate time history.

Knowledge of the radiation environment, if only at one
location, ig_valﬁabig in evaluating the operation of reactor instru-
ments and systems in the quite hbstile environment to which they were
expoééd. Informatibn of this type‘could also be valuable in assessing
the validity of var;ous reactor models relating to radionuclide

dispersal following. a LOCA.

This section presents measured detqctor charaéteristics using
both short and long coaxial interconnection cables, stripchart data,v‘
and a brief discussion of radiation time historv. Radiation time
history information will beAgiven,in~a separate report when thiq apd‘

other investigations have been completed.
B, Detector Characteristics (Short Cables)

The failed detector was mated with the test channel ratemeter
using short coaxial cables and exposed at the Sandia Co-60 Vertical

Range Facility. Figure 18 shows the ratemeter radiation readings vs

known radiation input fates. Three curves are shown. Unfortunately,
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FIGURE 18. HP-R-211 Characteristics. The detector was exposed to a Co-60 source
upon arrival at Sandia and produced the output shown. Curve A is
for the condition of nominal detector supply voltages, Curve B is
for low voltages,and Curve C is low-voltage, ratemeter corrected.
These data were taken without 152 m cables or line capacitance

eguivalents used.
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during the TEC measurements on site, we discovered that the +10 V and
+22 V power supply voltages going to the detector were +9.3 V and +16 V
as a result of a faulty capacitor (Cl) in the TMI ratemeter. Therefore,
the recorded radiation readings are in error not only because of the
faulty transistor but also improper power supply voltages. The length
of time this situation existed is not known. Fortunately, this low
voltage condition does not have a major effect on our results. Curve A
in Figure 18 shows the nominal voltage characteristic. Curve B shows
the same characteristic except using the lower supply voltages as
measured just prior to removal from containment. Curve C is the final
result, using a ratemeter scale factor as described later. The detector
level indications are seen to be below the known source levels by up to
three orders of magnitude. This is due to the reduced amplitude of the
detector output as a result of the failed Q6. Significantly, the anti-
jam circuit is seen to cut in at about 20 R/H. Above this level,
increases in source level are not followed. Transistor Q6 was repiaced
with an operable transistor and the detector was exposed again to‘tﬁe
Co-60 source {at hqminal voltage). Figure 19 shows the result. The‘
detector is éeen £oifunction properly, being in error 6hly by a véltaée
scale factor of 1.05. The test detector is shown for comparison. A
Victoreen representative says that the slight offset between HP—R-éll;
and the ideai curve is normal and is caused by differences in GM ﬁube\_'v
characteriétics.15 The sihilarity with the test detector and the«idéalk.
curve leads us to the important - conclusion that tranSistof Q6 wasuﬁheT”
vonly failure in HP-R-211 and that only minor degradatidn was expeﬁienced.
For informaﬁion, Figure 20 shows de;ector counts-per-minute versus input
radiation’level. Counts—per—minute‘here‘refers to that measured by a
frequency counter which responds only to positive going signal trénsi-‘

tions ("events", or photon/GM tube interactions, occur at twice thé

counter rate).




FIGURE 19.
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Repaired Detector Characteristics. The curve labele:dl 211 is a plot

of the HP-R-211 readout versus Co-60 source level using the test channel
ratemeter. The ideal input vs output is shown. The two curves differ by
a calibration factor associated with each GM tube. So that there be no

- mistake that HP-R-211 is operating properly, the test detector is included

for comparison. This curve also shows the need for ratemeter calibration.
The changes in slope at low radiation levels are due to normal background

radiation.
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Tests were also run to detexrmine the temperature dependence of
detector level readings. We found that for an unfailed detector temper-
atures as high as 60°C had negligible effects. For the failed HP-R-211
detector the readout leQels at room temperature. are approximately 30%
lower than those at 60°C. Because of the difficulty in running tests at

various temperature levels, all tests were conducted at room temperature.

C. Detector Characteristics (Long Cables)

During testing at the Sandia Co-60 Gamma Irradiation Facility
(GIF), the repaired detector and its associated ratemeter radiation
measurgmeh;;;ystem was pbsepved to indicate erroneous, low»fadiation
levelsiwheh in fa?t the levéls were vegy high. These teétstére being
conducted to inveétiqate stgipchart ahémolies,Aand transistof QG had
been réplaced witﬁ a functidnal one. élso, 152 ﬁ*(SOO fr.) of RG 58
and RG 59 coaxialicable weré‘used to connect‘theidetector Sigﬁél
Output and 600 Voit iines tq the'rateméter. The{decreaserin radiation
level indication began fo bécome noticéablé at radiation levels above
500 R/H. This muitivalued charécterisﬁic was foqnd to be caused by
signal\reflectioné in the loﬁg Signal butput cabie which are‘s;t up by
cable impedance mismatches 6n the Signgl Output iine at both the detec-
tor and ratemeter terminations. GM tube pulse ihteragtidns éque the
antijam point combine With the céble réflections to accentuate the
problem. | 3

Although this detector was not designed to éccurateiy measure

radiation levels above 10 R/H, the antijam féature was added to keep
the readout meter "pegged" at full-scale. Radiation degféded detector
output drive tran}istors ca@se the erroneous indication to becoﬁe more
noticéable; and, in a LOCA induced enVironment;,this mﬁltiVélued
characteristic could potentially be hazardous. The discussion which

follows describes this multivalued characteristic in detail. In addi-
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tion, it was discovered that the presence of the long coaxial cable
changes the detector output characteristic somewhat when transistor Q6
is in its failed state at low radiation levels. This subject is also

discussed.

Multivalued Output

Figure 21 shows data taken at GIF and the Sandia Vertical
Range for three detector conditions. The variable measured and
recorded is the ratemeter stripchart output voltage. As stated earlier,
this voltage is proportional to radiation ievels up‘to approximately
20 R/H, whereas the ratemeter meter pegs at 10 R/H. The normal,
expected,outputgisvshown<in Curve A. These data were generated using
the test detector. The detector to ratemeter interconnection cable
was made using a short, unshielded wire bundle. The radiation measure-
ment channel output is proner up to 720 000 R/H. Curve B shows the
output of the s ame channel except that 152 m (500 ft) of 50 ohm, RG 58
coaxial cable ‘was used to transport the detector output Signal to the
ratemeter. This Simulates reactor use conditions.l Both the detector
and cable were exposed to the source. The ratemeter output voltage
begins to dip slightly above 1000 R/H, however, the readout meter is
still pegged at lO R/H. Curve C shows the result when the degraded ‘but
repaired HP R- -211 detector is used with the long cable. TranSistothG
was a 2N 3906 which had been degraded by exposure to l X 10 rads. ‘The,
curve dlps dramatically, reaching a minimum of 150 mR/H at a Co-60
source level of 54 000 R/H. The output recovers Significantly as the
radiation rate is increased. The degraded detector is seen to have a
nultivalued radiation indication.' Exposure of the cable along with the
detector was found to&not be significant. Victoreen supplied us with
three new detectors for testing in order to obtain some statistical data
regarding this multivalued function. In each case}ithese detectors

behaved similarly to the test detector.
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using 152m interconnect cable. The response is seen to be multi-
valued when long cables are used, especially for the degraded detector.
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Problem Cause -- Several ekperiments were run in an effort to understand-

the cause of the detector dip in radiation indication. In order to
check the majority of the detector electronics in HF-R=-211], we removed
the GM tube from circuit interaction. This was ‘done by shorting across
it between Rl ana R2 of Figure 9. This continuously engages the antijam
circuit. The readout was seen to indicate a constant, near maximum,
indication regardless of source level even up to 720,000 R/H. This is
the proper response for this condition. This indicates that the GM tube
pulse output is interacting with the free-running multivibrator at high

radiation levels.

The dip has, in fact, been determined to be due to two items:
impedance mismatches Between the coaxial cable and both the detector and
ratemeter circuits, énd GM tube circuit interactions above the antijam
boint. First, and probably most importantly, the detector output circuit
is not designed to properly match in impedance the 50 ohm cable attached
to it. The normal output impedance of the detector is approximately 100
ohms rather than 50 ohms. Further, the ratemeter input appears as an
open circuit for the steady-state signal. This open circuit combined
with the mismatched driver sets up reflections in the cable whichfhave
the same effect as filtering the signal. Since the rateﬁeter ciréuit is-
a- linear log pump, both ﬁhe amplitude. and the frequency of the siénali
affect readout accuraéy. Figure 22 illustrates the effects on thé wave-
form of thé mismatch. For a voltage V propagating down a coaxia1 cable
of characteristic impedance Zo,the voltage across the load impedance 2z,
is equal to (1 + R)V, where R is therreflection constant. if Z is the

termination impedance, R is given by:

R:Z___Z_o.
Z+Zo
A voltage of RV is reflected back down the cable. With a value of ZL = 0O,

R is equal to 1, and V is totally reflected. This voltage travels the
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' FIGURE 23. Mismatch Filtering. For both photographs Zs = 250 ohms
: and 21, = » . The top trace is the transmission line
input voltage and the bottom trace is the output
voltage. The input frequencies for left and right
photographs were 50 kHz and 100 kHz respectively.




length of the cable and impinges at the detector end where it .

reflected due to the improper termination. The process continues, «

a voltage step at the detector end, the resultant waveform at the rate-
meter shows a series .of upward (or downward) steps. The width of each
step is equal to 2Tp, where Tp is the time required for the signal to
propagate the length of the cable. If the detector output squarewave
reaches a frequency high enough to have a period which is of the order of

Tp, a substantial rolloff of the waveform will result. Figure 23 shows

c3cilloscope pictures of this condition.

The detector output imbea§n§e, which for a new détécﬁér is
normally loogohms} inéreaéeéyéé ﬁranéié£é%tg5ihs are degrédéd bfvgamma
radiation. - The HP-R-21l1l transistor éainé were degraded to the ?oint
that the eqpiv&lentisource impedance was approximately 270 ohms; This
has the effect bf causing further impedancé ﬁiéhatéhes and more
dramatic reflectioné. The base drive currents for transistors Q6 and

Q7 are not adequate:toimake up for the transistor gain decreases

observed.

The second major:cause for the operation as described is the
corntinued GM tube pulsiné of the multivibrator circuit even after the
antijam circuit has beguﬁ to controi the multivibrator frequency.

The antijam circuit does not disable pulse amplifier Ql. This allows
GM tube output interference. This pulsing inéreases the detector
squarewave frequencyY freom the normal antijam frequency of 40 KHz until
the reflection tiﬁe Tb becomeéla sighificant fécfor. >More "filtering"
or rounding of the signal waveform is thus produced. We attempted to
monitor several of the internal cirguit nodes in order to understand

the GM tube interaction mechanism more clearly; however, in each case

our measurement apparatus interacted with the circuit and changed its




characteristics. We did interchange GM tubes between one of the new,
Victoreen-supplied detectors (SN 1344) and the HP-R-211 detector. The
HP-R-211 GM tube was found to degrade.the performance of SN 1344 but not
too severely. Alternately, the SN 1344 GM tube improved the performance
somewhat of the HP-R-211 detector. The degraded transistors and degraded
GM tube both seem to influence the detector behavior. More information
regarding these tests can be found in Reference 18. That the tube has
changed is expected since the manufacturer introduces a quench gas in

the tube to reliably halt GM discharges. This quench gas can be used up

by high radiation doses.

Tne aéproaeh toQard recerryfshown above 100,000 R/H in Curve
C of Figure él ierpresumabiy due to fewer GM tube interactions, and
thus a lerriﬁg ef oetput‘frequency; The frequency stabilizes at that
determlned by the free- runnlng multhlbrator. The cable drive is still
1nadequate and reflectlons Stlll occur, however, the lowered frequency

51gnal is not "filtered" as much.

Corrective Aetion - The\ebeerved ;adiation measuremenﬁ.eharaeteristic
dip can be éorfeeted by eeme relativeiy simple-changes in circuit design.
Specifically, any of the following ehanges would improve the design; by
making all the changes, the detector uOUld be made to functlon properly
Coat 51cn1f1cantly hlgher radiation dose levels-
l; " reduce R20”and‘R21.te abpfoxiﬁétely SClohms
 to properly:match the 50 ohm coaxial cable; -
2. use more radiation tdlefaﬁﬁ transisfors'in
>£he Q6 and Q7 traneister slots;
3. increase ﬁhekbase drives to.QG and Q7 (if the
drive was increased too much, the drive to Q5

would need to be increased also); and
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4. use the antijam output to disable the GM tube

pulse output to the multivibrator (a new circuit

design and P.C. board layout would be required).

Although not necessary to correct this problem

circuit design could be made in the ratemeter:

, two improvements in

l. terminate the coaxial cable in 50 ohms to

prevent reflections (this would require gain

changes in the ratemeter different
amplifier); and

2. employ a zero crossxng comparator
reconstruct the detector squarewav
make the ratemeter lnput amplltude

(e‘neﬁ P.C. board layout would be

Failed State Characterlstlcsb

' When the effects of the long coax1al c
at GI?, the detector was returned to the Sandi
additional tests w1th a long cable attached.

transistor Q6 had been‘destructively analyied,

ial

circuit to
e and thus
1nsen51t1ve

required).

able were dlscovered
a Vertlcal Range for
Since the‘failed

it was necessary to

install an "eduivalent"‘transistor in the Q6 slot. The original failed

transistor exhibited a 163 ohm resistance from
was also degraded from exposure to radiation.

parallel with an undegraded 2N 3906 and varied

achieved approximately‘the same readout versus

using short cables, as we had recorded for the

(Curve‘A, FigurekIB);' The resistor value requ

coIlector to emitter and
'Wetplaced ebresister in;
its value until we
radiation level’eurve,
failed HP-R-211 detector

ired to do this was 250

ohms. This produced a 3.2 V peak-to-peak output versus a 3.6 V peak-to-

peak output for the original, failed detector.

obtained using this "equivalent" transistor.

Figure 24 shows the data

-Curve A shows the nominal’
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FIGURE 24. Failed HP-R-211 characteristics with 152 m of Coaxial Cable.
A new 2N 3906 transistor with a parallel 250 ohm resistor
was substituted in place of the failed transistor Q6. RG 58
Cable was used to connect the signal output line from the
detector to the ratemeter. Curve A is the nominal-voltage
characteristic with a short (3 m) coaxial cable. Curve B is
the nominal-voltage characteristic using a long (152 m)
coaxial cable. Curve C is the low-voltage, ratemeter corrected,
characteristic, using a long cable.




voltage characteristic when a short interconnect cable is used. This
compares very closely with Curve A of Figure 18, indicating a good tran-
sistor equivalent. Curve B is the nominal voltage characteristic when
152 m (500 ft) of cable are used. Curve C is the low voltage condition,
corrected using the 1.05 ratemeter scale-factor. At the lower radiation
rates cable effects are negligible; however, as the frequency of GM tube
discharge increases at higher levels, the cable effects become apparent.
The much lower "saturated" level of 4.7 mR/H makes the understanding of
the HP-R-211 stripchart more difficult as will be discussed later. The
validity of our "equivalent" transistor is subject to question. However,

since this is the best simulation we have been able to devise, any

stripchart reconstructions should use the data in Curve C of Figure 24.




D. Stripchart Recording

The HP-R-211 stripchart, as recorded on Channel 9 of multi-
point recorder HP-UR-1901 and reconstructed from operator logs, is
shown in Figures 25a and 25b. This record dates from March 28, 1979

through August 15, 1980.

The detector registered 0.3 mR/H, at 97% of full power, until
0400 on March 28. There, at reactor trip, it showed a slight dip, then
at 0635 it shows a dramatic rise which peaks at 170 mR/H. The level
decreases until at 1350, it rises for 1 minute to 52 mR/Hkthen abruptly
decreases té minimum scale. This is the approximate time of tﬁe hydrogen
burn and subsequent building spray. It has not been possible for us to
determine precisely which event this decrease corresponds to. Using
the point of reactor trip as an accurate fiducial mark, we find that the
dropout is slightly after 1350. Approximately 5 minutes after the tran-
sient beg&ﬁ;ithe output recovers to 25'mR/H. Oﬁly Akfew data points
exist before the stripchart ceased turning. Only a short burst of data
was recorded over the next 14 hours. During the intermediate time the
recorder printed - in place.. The changeover from stripchart to manual
data taking is apparent on June 5, 1980 (19€~h0ur§). The obvious differ-
ence in readings is minor and, henceforth, the recorder level will be
assumed to be the more precise indication. -As described below, all the
evidenée we have found indicates that the HP-R-211 channel was operating
properly prior to the accident and that the stripchart recorder produced
accurate recordings:both during the accident -and up to the time it was

taken out of service. -
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FIGURE 25a. HP-R-211 Composite Stripchart. All 506 days of stripchart and
: operator logs are shown. The detector output peaks at 170 mR/H
at abc¢at 0800 on March 28, 1979.  When removed en August 15, 1980,
the detector registered only 1.5 mR/H.
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- HP—-R — 211 STRIPCHART
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FIGURE 25b..
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HP-R-211 Short Term Stripchart. Only the first two days of the
accident are shown on a linear scale. The ESF actuation occurred
some 9 hours and 50 minutes into the accident (1350 hr}). Several
data points were taken just after this before the recorder printed
in place. A few more points were taken at about 2400 hx.




Stripchart Notes

1. Channel 9 was occasionally labeled incorrectly on the

stripchart. The recorder normally samples the signal
and prints out a data:point‘which is labeled with the
channel number. In the case of HP=-R-21l, points
obviously from the same channel are randomly labeled
with 8s and 9s. This labeling has led to considerable
confusion by investigators since the paper record is
guite difficult to read and the presence of darker 8s
has led some to the conclusion that HP-R-211, Channel
9, is not present on the stripchart. We have conclu-
sively found that the channel labeled 8 and 9 is
HP=-R-211 by examining the stripchart three days before
the accident when HP-R-211 was being calibrated with a
Victoreen gamma source. The record clearly shows 8s
and 9s being printed for the same channel (Appendix A).
In addition, operator logbook readings correspond to |

the 8/9 channel.

2. ' The stripchart speed was 20.3 cm (8 in)fpgr hour. We
- have examined the stripchart at various times and found

the speed to be very close to this value. .

;3. The HP-R-211 channelywas at least partial}y calibratedf
three days before the accident. The stripchért record
~shows that HP-R-211, HP-R-212, and HP-R-213 were cali-’
brated at the 49 mR/H level before the%acgidentQ These
?stripéhart data correspond to maintenaﬁcezrecords
I(Appendix A) except for the two higher levels.  Data
;taken by TEC, using a test detector in the anteroom,
have been analyzed and indicate that the fatemgter gain

was also approximately correct. The ratemeter is adjusted

s
¥

usiag the 49 mR/H source level.

R e e




The stripchart recorder calibration was checked before
being taken out of service on May 30, 1980 (operator
logbook data). It was found that the stripchart was
accurate at that time, but that the ratemeter readout
read 1.5 mR/H instead of 1.7 mR/H according to the

stripchart.

The background reading of 0.3 mR/H, as read on the
stripchart before the accident, is approximately
correct. Measurements made in the vicinity of
HP-R-211 by health physics personnel, with the

reactor running at full power indicate that 0.3

'mMR/H is a reasonable reading (Appendix A). HP-R-

211 was, therefore, apparently operating correctly

at the time the accident began.
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E. Radiation Time History

At the time HP-R-211 was removed from the containment
building, it was registering a radiation level of 1.7 mR/H as shown
in Figure 25a. Using the Co-60 source calibration from curve C of
Figure 24, we see that this point corresponds to 740mR/H. By using this
same procedure for other data points, it should be possible to recon-
struct the actual gamma radiation time history inside the containment
building near the personnel hatch. Unfortunately, we have not been
able to make such a reconstruction. Several factors have combined to
make the analysis of the stripchart data baffling. Ehe following

discussion presents some of these difficulties.

The radiation levels measured by HP-R-211 during the time
between fuel failure at approximatelv 0635 hours and the hydrogen burn
at 1400 hours are orders of magnitude lower than we calculate them to

be using radiation level measurements taken by GPU inside the anteroom.

To attempt to explain this difference, we have examined the stripchart

for discontinuities during that time period which would indicate the
presence of a steam ‘induced 600 Volt leakage path to ground or evidence
that transistor Q6 had degraded Although the Signal is sampled and
recorded only one time per minute, we have found no discontinuities

in the data trace. To investigate the effects of a 600 Volt leakage
path, we purposely introduced one in our Co-60 experiments and found
that the GM tube either functioned with reasonable accuracy or, if the
voltage was reduced below 380 Volts, failed to produce any output
pulses. The absence of discontinuities and the evidence;that the
detector was functioning properly when the accident began both imply
that transistor Q6 Qas not degraded. Another factor during this time
perind is that the stripchart does notishow any long intervals of a

flat or "'uturated" respon.se which should be present if the antijam




circuit were functioning. 1In our tests we found the antijam circuit to
operate properly. Finally, we have not been able to use the detector
multivalued characteristic to explain the magnitude and shape of the

stripchart curve.

We cannot reconstruct the radiation history back to the time
of the hydrogen burn even if we assume that transistor Q6 failed at
that point. The Co-60 data of Figure 24 shows the maximum detector
indication.to be 4.7 mR/H with 152 m (500 ft) of cable attached. How-
ever, the stripchart indication after the burn is‘appronimateiy 25ka/H.
We must conclude that either the transistor degraded further after the
burn, even though no more stripchart discontinuities are present, or
that the cable driving circuit was more efficient because of higher
gain (less degraded) output transistors. " In either case the recon-
struction ds somewhat imprecise. If we, nevertheless, perform this
reconstruotion back to April 17, i979 where the recorded level was S
mR/H, we flnd that the total 1nte§ratedvdose’ishapproximateiy,one order
of magnltude lower than that estimated ueino‘transistor degradation
data (see Sectlon V) ‘ Thus,_elther the reconstructlon is too low by an

order of magnltude or} again, the strlpchart 1nd1catlon before the

hydrogen burn is orders of magnltude too low.

These inconsistencies may be resolvable after other detectors
‘have been examined. Even now we can reconstruct a "most likely" time
profile using multivalued characteristic, total dose and calibration

information; however, it is premature at thls time to do so. This will

be done in another report.
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V. TOTAL GAMMA DOSE

A. Summary

Equipment at TMI-2 was subjected to an actual LOCA in which
large amounts of fadioactive contaminants were spread around the
building in varying amounts. Knowledge of the total radiation dose
received by a given piece of equipment is important in understanding
degradation or failure and thus evaluating the radiation hardness of
the design. 1In short, the use of the accident at Three Mile Island as
a test base for equipment survivability is of limited use if the

environment is not known.

We used two indicators to determine the total gamma radiation
dose received by the detector electronics: transistor gain and
elastomeric material elongation. No attempt has been made to quantify
beta deposition in the detector outer surface or signal cable. It is
assumed that the majority of the dose received inside the aluminum case
is due to gamma radiation having energies in the range of 0.5 to 3.0 MeVv.

Table 3 summarizes our findings.

TABLE 3. Total Gamma Radiation Dose Estimates

TRANSISTOR GAIN! ELASTOMER?
DEGRADATION

TEFLON - BUNA NITRILE
SLEEVE 0-RING

NOMINAL RADS 2.5 2.0 10.0 °

(x105)
ERROR BARS 0.8 TO 5.1 0.7 TO 6.0 -
RADS (X10°7) CEST.)

- ! Average of 6 transistors.

Average of 2 teflon sleeves and 1 O-ring. O=~ring included
some beta dose. =

8 The'Ogring appears to be very near its damage threshold
of 10" rads. :
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'By using the transistor data, we estimate the nominal radia-
tion dose received by the detector electronics to be 2,5 x 105 rads.
The transistor data are believed’to be the most accurate, since sub-
stantial deéradation did occur, and.because‘more éamples were tested.
The teflon sleeving had feached a dose-level threshold where noticeable
degradation had occurred; however, since only two samples of unknown
pedigree were available for test, the uncertainty is larger. Although
the 0-ring had barely begun to degrade thereby increasing the uncer-
tainty, the dose was almost certainly below 107 rads. We have not used
integrated stripchart data to estimate total dose, because as described
in the previous section, the stripchart data for the first day or two
of the accident are not fully understood.

Although a total éémma dbéeréf é-s ﬁblos-rads is higher than
the design requirement of 2 x 10% rads for most equipment at TMI-2, it

is below levels required today for most new reactor equipment.

" I't should be understood that the use of transistor and
electronic material degradation can only provide rough estimates of
radiation dose. Base material péfaméters) procéssiﬁg characteristics
and short and long term annealing all introduce uncertainties which
are ‘difficult to quantify. We have considered these uncertainties

and present the values in Table 3 as reasonable estimates.

B. Transistor Degradation

Damage Mechaniasm

The permanent damage produced in semiconductors by gammil 12
: ; ; ; : , , ,
rays is of the same type as that produced by electron bombardment.
Transistor parameter changes are a result of two effects: bulk

silicon damage and inducement of surface states.

For bulk silicon damage, orbital electrons are excited and

scattered by energetic gamma photons, and these electrons may transfer




sufficient energy to latticg atom npclei to displace them. This creates
vacancies in the crystalline structure called Frenkel defects. For
gamma radiation these are simple defects in that the amount of damage
induced by a single gémma photon is limited to at most a few atoms.

Much of the same is true for neutron irradiation, except that the energy
transfer is orders of magnitude larger, and large defect clusters can be

created. The effect of these point defects is to change carrier mobil-

ity, conductivity and lifetime.

" The transistor parameters most affected are current gain and
saturation voltage. Transistor gains decrease and saturation voltages
increase as the dose iétincreased.k For low-power, high géin bipolar
transistofs} bulk damage generally‘bégins to become noticeable at

exposure levels of greater than 106 rads.

*

Surface state phenomena primarily affect the current gain of

bipolar, planar geometry transistors. Although the physics of surface

stateszis‘nqt’wgll understoodll'13

19 . . . . . o
which cause a reduction in current gain after irradiation.

, at least two mechanisms have been
identified
Gamma irradiation creates hole-electron pairs in the surface SiO2
passivation or diffusion masks. The more mobile electrons are easily
swept out of this insulating layer, leavingwbehind trapped positive
charge 'in the low conductivity oxide. - This positive charge, if near the
Si02 - Si interface, may cause a depletion or inversion iayér~to form dn
the silicon  surface underneath. . -Where this occurs over the base-to-
ehitter junction region,’a decrease‘baSe*current’efficiency results.

In addition, irradiation also creates new interface defects in the oxide

" near the Si02 - Si interface. This alters the surface recombination

15 that the effects of surface states

"saturate" for high dose levels. Below approximately lO6 or 107 rads

velocity. It has been observed

‘the.gain degradation is thbught’to be pfimarily due to the formation of

surface states.
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Data and Interpretation

Six bipolarvtransistors were remcved from HP-R-211 for the
purpose of determihing the radiation total dose. These transistors were
completely characterized at«room_temperature with respect to parameters
such as gain (HFE), leakage currents (ICBO, ICEO, IEBO), and saturation
voltages (VCES, VBES).14 Transistors, 87 in all, were procured from
Fairchild (FSC), National (NAT), Texas Instruments (TI), and General
Electric (GE) and exposed to a Co 60 gamma source for the purpose of
comparing degradation in these devices to that in the HP-R-211 transis-
tors. These transistors were passively exposed by Asseimeier in 7 steps
until a total accumulated dose of 3 x 106,rads was achieved. The tran-
sistor parameters mentioned above were measured after each step. Aan
examination of the’ehange‘in‘parameters'yeréus‘adse has shown the tran-
sistor current gain to be by far the most affected parameter. Saturation

voltages were changed to a much’leSser‘degree.

Appendlx B conta1ns>plots of transistor galn degradatlon vs
total dose for all the tran51stors tested. One of these plots 1s shown
in Flgure 26. These partlcular dev1ces were National 2N 39045.‘ Ten
unlts were tested the average galn being the center curve. The maximum
dev1ce had a gain characterlstlc correspondlng to the upper curve, the
minimum dev1ee the 10wer curve. Tran51stor Q7 from HP-R- 211 was a Falr-
child 2N 3904, and at a COllector current of 100 ua had a_gaxn of 61.
This corresponds to a nomihai total'doee eetimate of i;G‘x ids rads
(uncorrected for biae and'ahneaiing).‘ This ﬁethod Was'USed to determine
the radiation tetal'dese absorbed by each transistor. Table 4 summarizes
our dose estimates using this method (these estimates must still' be
modified to ihclude bias and annealing effects). The results shown were
obtained by simply weighting each transistor type equally and takine tne

statistical average. When curve matching was employed, where some tran-

sistor data were more heavily weighted, the result was almost the same

as the statistical average.
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FIGURE 26. Transistor Gain Degradation}‘ The measured gain
o ' - of transistor Q7 was 61 at a collector current
of 100 ua. This corresponds to a nominal gamma

dose of 1.6 x 10° rads using National Semiconductor
2N 3904 data. : ‘




Table 4.

Transistor Total Dose

‘ : ) 3
TRANSISTOR TYPE® MIN AVE MAX Ic CES

2N 3565 ... Q3 FSC (HFE=200)% | |
FSC (10 ea) 1E4  3.8E4 1.1E5 p G
NAT (10 ea) 1E4 4 E4& 1.5E5 F G
AVE Ie4 3984 1.3E5

2N 3904 ... Q7 FSC (HFE=61)
FSC (10 ea) 3.2E4 6.5E4 9.5E4 E F
NAT (10 ea) 1.585 1.8E5  2.2E5 E E
AVE g.IEZ 1.2E5 1.6E5

2N 3906 ... Q2 MOT (HFE=86)
FSC (5 ea) 3.8E4 5E4 1.2E5 E E
NAT (10 ea) 1.4E5 7E5 1.6E6 E G
TI (10 ea) 6.5£4 1.1E5 2E5 G E
AVE BIEd 2.91‘:51 TAES

2N 3903 ... Ol (HFE=35.5), 4 (HFE~20), QS(HFE 38)

(HFE AVE=31), ALL FSC a '

FSC (2 ea) 7E4  1.SE5  3.6ES E E
GE (10 ea) 1.5E5 2.5E5 ' 4E5 G G
NAT (10 ea)  1.5E5 - "2.5E5 ~__4E5  F E
AVE - T.265° 2,265 . GES .

OVERALL AVERAGE .75E5 '1.7ES  3.2ES

NoTEs:

1. The manufacturer and number of devices tested‘aretshcwn.
Fairchild (FsC), National (NAT), Texas Instruments (TI),
General Electric (GE), Motorola (MOT).' B '

2. The range in rads is determined by the intersection of the
HP-R-211 transistor gain with the minimum, average and maximum
gain vs dose plot. ~All data is for’ Ic = 100 uA.

Exponential notation is used

3. Curve match refers to the general shapes of the current
gain vs collector current and saturation voltage vs
collector current characteristics of HP=R-211 and the
dosimetry devices. - The subjective designators refer to
liow similar the dosimetry device characteristics were to
the HP-R-211 characteristics: .
Em= excllent, G = good, F = fair, P poor

4. The HP=-R-211 transistor designators are 1isted, along with
manufacturer and measurEd gain at 100 WAL

5. This is the “average of averages"; 1. e.,'all transistor
types were weighted equally.
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The Jdose estimates given in Table 4 must be modified to
account for transistor annealing and the fact that the Sandia transistors
were unbiased during exposure. Transistor gain annealing is character-
ized by an initial, rapid partial recovery which is essentially complete
after the first 1000 hours following irradiationzo. Further recovery at
room temperature is, for practical purposes, not accomplished. This
has been confirmed by us by measuring the TMI transistor gains in
November 1980 and again in July 198l1. These data are presented in
Appendix B, and they show the gains to be essentially unchanged at the

end of this 8 month period. The transistors characterized by us, how-
ever, were practically unannealed at the time of measurement since
generally, the gains were measured during the first hour or two after
exposure., To determine the amount of annealing recovery, we measured
the gains of these trans15tors in July 1981 to compare with the November
j1980 gains. These data are also 1n Appendlx B. Substantlal annealing
has occurred. By plottlng these annealed p01nts on the gain vs dose
:curves and shlftlng the degradatlon curves upwards proportlonately, we
find that the total dose estlmates of Table 4 must be multiplied by an

‘average annealing correction factor of 1, 6.

vThe literature21 suggests that gamma irradiation of NPN tran-
sistors under reverse collector-toebase bias results in substantially
more damage than if they are irradiated passiVely. Conversely for PNP
ktransistorS‘passive'irradiation is more damaging. To check the effects
of biasiAsselmeler exposed 6 NEN transistors to 1.5 x lO5 rads under
three conditions. One group of two devices was passively exposed, one
group was exposed whlle saturated with 1 mA of collector current, and
one group was exposed with a lO volt collector-to-base reverse voltage.
He found that the post radiation gains'of the reverse-biased devices
were perhaps 30% lower than those of the passive and saturated devices.

The TMI transistors generally were switching between cutoff and satura-
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tion at a 50% duty cycle; therefore, the effects of bias are diminished.

Powered and unpowered test3 reported21 on 2N 1613 (NPN), 2N 2102 (NPN)

and 2N 3799 (PNP) transistors suggest that the dose estimates of the NPN

;transistofs should be divided by a correction factor of 3.0 assuming a

50% duty cycle, while the PNP estimates should be multiplied by 1.7.

When these annealing and bias factors are combined with the

values in Table 4, our total dose estimates become 0.85 x 104, 2.5 x 105

and 5.1 x 105 rads for the lower, nominal and upper values.

Caveats
Although we feel somewhat confident about the dose estimate,
several points should be made regarding this method of dosimetty.
.l“ Manufécturer.’ It wés nbtlpbssiblgtfor'ﬁs ts obtaih
| ”transistors from the same idts of transistors aé
thoég used ihVHP—ﬁféll. For that matﬁer, in the time
éllowedyﬁé précufe‘tfanéiétéfs,yﬁeYWeré ho£ éveﬁ ablé
to ob£éin déVicés,‘in)goﬁe ééseé;’frdﬁ the correct manu-
facturer.r Wg choose'thminimize ;hése pointﬁ, howeyer,
because dfktﬁe iﬁﬁérent variability in trausigtor B
kcharacteristics regardless of manufacturer. Statistical

averages become more important than the manufacturer.

2. Current level. The collector current level of 100 uA
selected for comparison was not at the HFE peék'pcint;

however, several compafisdhs Wére made at the HFE peak

point, and the results were similar.’




Energy dépehdenCe.' The majority of the gamma emission
occurs in the range of 0.5 to 3.0 MeV. Since transistor
parameters are affected primarily by the total energy
deposited as measured in rads, the energy spectrum of
the source has a negligible effect (except for very

low energies). Therefore, in éhis allowed region, the

Cc-60 source (1l.25 MeV) is an excellent simulator.

Bias. 'Transistor gains begin to drop off significantly
étvrelatively low radiation levels. This, and the fact

that:saﬁutaﬁion resisténce ié,relativelyvuhaffected,

‘indicate that surface states are responsible for the

méjdrity'of\the damégéﬂ:/Biaé effects therefore must
bé cénsidered. Aé sfated, we have very little data

regarding whaﬁ correction factors should be used. The

~ 50% duty factor introduces another variable. The bias

. correction factors of 3 and 1.7 are only estimates.

They are, however, in line with our limited test data

and test data of otlici.-..

Annealing. Annealing has occurred in both the TMI

‘transistors and transistors characterized by us. We

haVe'assted'that the effects cfwannealiﬁglcan be

linearly extrapolated to lower,doseé'fromfthe dose of

-3 x 106 rads where annealing changes were measured.

We have assumed that essentially all annealing occurs

during the first 1000 hours, but that none occurred

\during'the 1 tc 3 hours between measurement and test.

The:anneaiing correction factor of 1.6 is an average

applied. to.-all transistor. types.equally.
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€. Elastomeric Degradaﬁion

A polymer is a highly ordered chain of molecules with very
little degree for freedom of atohs. Radiation écts to destroy these
molecular bonds. This has the effecﬁ of altering electrical insulating
properties, weight (because of outgassing), and strength. By measuring
the tensile strength and elongation at the time of rupture and comparing
with properties of unirradiated material, we can estimate the total
gamma radiation dose received.

Teflon and BUNA~-N rubber were analyzed for degradation. The
teflon samples were used as wire insulators on the check source assembly,
which is mounted on the printed wiring board. :These two 30 gage teflon
sleeves were 38 mm long and had 0.292 mm and 0.229,mmkID and nominal
wall thickness respectively. The type of teflon was not determined
(FEP or’PTFE); however, the difference in post-irradiation properties
is small. The other material was the detector lid O-ring. We deter-
mined through gas chromotography on an O-ring from a new detector that
the material was’BUNAfN (Nitrile)’rubber. This was independently con-
firmed with Victoreen. kThe reéulté’Cf.déta‘takén'on an Instron Model
1020 tensile testing maqhine are listgd ;ﬁ,Tablé,S. In gach case new,
unirradiated sampleé from a new deteétdr were éompaied with those from

HP-R-211.

- Table 5. Elastomeric Degradation

HP=R-211 NEW_DETECTOR
ELONGATION FORCE AT BREAK ELONGATION | FORCE AT BREAK
TEFLON SLEEVES o ;
Sample 1 ~ 80% 28.0N (6.3 Lb) . 310% 40.0N (9.0 Lb)
Sample 2 . 715% 28.5N (6.4 Lb) 340% | 36.5N (8.2 Lb)
Avg. - 78% 28.5N (6.4 Lb) 325% 38.3N (8.6 Lb)
0-RINGS (BUNA-N) o I B
Sample 1 S . 245% ¢ 32.5N (7.3 Lb)- | I "245% ° "45.4N {10.2 Lb)
Sample 2 - . 290% - | 36.5N (8.2 Lb) - | - 205% | 38.3N ( 8.6 Lb)
Sample 3 3108 37.4N (8.4 Lb) | 205% 41.4N ( 9.3 Lb)
Avg. '281% | 35.6N (8.0 Lb) |  218% | 4l.8N ( 9.4 Lb)




These data show that neither the teflon or the O-ring experi-
enced much degradation. In fact, the elongation properties for the ir-
radiated O-ring are better than those of a new sample. This is easily
explained because of lot to lot variations in material. Teflon data is
sparse because it is not widely used in radiation environments, since
it undergoes property changes sooner than other polymers. We were for-
tunate, however, that the teflon was used in this case, because radia-
tion levels were just above the damage threshold. Based on information

from Etherington's Nuclear Engineering Handbook and CERN ~ European

Organization for Nuclear Research's Selection Guide to Qrganic Materials

for Nuclear Engineering - 1972, the absorbed dose was nominally 2 x 105

rads. We estimate ﬁhedeSe'to lie beﬁwéen‘0.7’and 6;0,x 105 rads. The
O-ring appearé to be near'its damage‘threéhold of 106 rads. Substantial
degradation should have been observed had the dose been as high as 10’

rads,
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VI, CONTAMINATION

A. Summary

As part of the overall investigation of the instrument, we

made an effort to identify the contaminants on the detector housing

and measure their concentrations. Since an electronic failure had

occurred inside, we were also concerned about preserving any of the

contaminating elements that may have leaked inside and caused the failure.

Table 6 summarizes the raesults of the investigation. Our major findings

were:

Cesium-134 and 137 and strontium 90 were the principal
contaminants. No plutonium or uranium were detected.
Top horizontal surfaces contained a factor of 10 more

cesium than the sides and bottom.

Reported swipe surveys in the containment building are over

"a factor of 10 lower than the activity on the detector.

Swipe surveys in the reactor building see about the same
factor of 10 difference between horizontal and vertical
surfaces.

No contamination or signs of moisture were fdund inside
the detector housing, indicating that the seals held.
The cesium-137 acti ity on receipt at Sandia was about
125 4ci for 128 cm2 for the 1id and about 73 uCi for 709
cm2 for the body.

The ratio of cesium=-137/134 was about 6.3/1 during the
months of November and December, 1980.

Large quantities of sodium and boron were found on the
detectof lid, indicating the unit had been exposed to

the building spray.
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The approach16 used to identify contaminants simply stated was:

Get the unit to Sandia packaged in such a way as to

prevent surface contamination from changing location.

Evaluate the innermost plastic bag that contained
the unit during shipment for any material that may

have fallen off or rubbed off.

Determine if the contamination levels and types occur
as hotspots or are evenly distributed on the top,

bottom, and sides.

Conduct a complete evéluaiion of the outside before

opening the unit.
Remove a sample of the inside environment before
opening the 1lid in the event a gas was still

present from the building’overpféséhrization.

-Determine if '‘any containment building spray chemicals"

had reached the detector.

Archive the detector 1id in a condition where it is

close to its in situ condition.




TABLE 6.

RADIOACTIVE ANALYSIS HP-R-211 AREA MONITOR HOUSING

. . . ’ . A R ‘ ‘
: , : ‘ CS-137 CS-134 ¢ OTHER
._*f__QQNDIIIQN___________A, AREA TOTAL PER AREA T0TAL PER AREA TOTAL ISOTOPE
« ) cm? , "uCi uci/cm? uCi ‘uCi/cm2 uCi
AS RECEIVED
‘ LID (w/o label, rlng,‘v 1 o .
1 in? of paint) [128.3 ~86.0 1 0.670
* . VICTOREEN ALUM. LABEL | 11.89 28.8 2.422
* . CONNECTOR THREADED [ ' -~ ‘
RING 1 65.85 4.46 0.068 0.567 .0086 0.11 . sr=90
. , : Not Det. Jrelluri
<0.002 Plutoni
Not Det. JUranium
S o : | I - : <10
PAINT REMOVED (est.) | 6.45 '] .5.67 ] o.879 ( ppmﬁ
TOTAL LID JL28.3 | ~124.9 0.973
" BODY (est.) ~ pos.s | 65 to 75 | 0.099 ave
PLASTIC ID LABEL (est.)| 15.94 -} l.64 } 0.103
PAINT REMOVED (est.) ' §12.91 | 1.28 0.099
TOTAL BODY . fJros.s ] 68 to 78 | 0.103 ave
TOTAL LID & BoDY ~  B36.8 1193 to 203 :
AFTER HANDLING FOR ‘
LID (with label, Ring, 1 .
etc.) - p2s.3 ] 118.2 0.921
BODY (with labels & : - : ‘
no paint removed) [708.5 42.2 0.060
BEFORE DECON
(w/o labels, etc.)
LID 128.3 79.3 0.618
BODY 708.5 39.3 0.055

A Ratio Cesium 137/134 = 6.3/1 (range 5.8 to 6.8) except on connector ring.
* Evaluated by Los Alamos National Lab - CMB-1
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B. 'Shipment‘to Sandia

A major concern waé that of transporting the unit from TMI to
Sandia. We felt thatVrough handling could alter the state of the
circuits and devices inside as well as tend to redistribute or remove
the contaminants. The unit was packed as shown in Figures 27 and 28.
A wood cage was fabricated to hold the detector inside to prevent its
rubbing the cage. This was accomplished by using standoff screws that
were modified to remove the sharp‘points. Where the screws contacted
the unit outer bag,‘tape was_applied. Nine screws contacted the sides,
and three each were used onfohe bottom and top. The bottom cover had
five shock indicators attachéd."They were threshold accelerometers
that trip when the threshold has been exceeded. We attached 40g, 60g,
80g, iOOg and 150g indicators; (A 50g indicator attached to the inner
box of a double~boxed 27.2 kg'[60 ibJ piece of equipment with hard
foam corners for its inner carton support, will be tripped when the total
packaée is dropped from a height of 45.7 cm [18 inches] onto a concrete
floof.) At the time the unit was packaged it was‘thought that lead
would be used.around the inner box. The entire strhcture was put in
plastic‘bags and then into a cardboard box padded with paper towels
and “popcorn? packing matefial. The cardboard box was put in a 55-gallon
drum and insulated with moré "popcorn" and styrofoam. However, no lead
shieiding was used. On removal at Sandia none of the shock indicators
had tripped and no detectable contamination hadobreached the innermost

plastic bag.
C. Inner Bag Evaluation

Another indication of the influence that the tratherjhad on
the unit was the innermost plastic Bag'contamination levels. The bag was
evaluated for gamma radiation using gamma spectroscopy. The principle

contaminates were cesium-134 and cesium-137, which totaled 0.67 and 4.0



FIGURE 27. Detector Shipping Cage. - FIGURE 28. Shipping Shock Indicators.

The wooden cage was used . .  Five shock indicators
. to transport 211 from I " were attached to observe
‘'TMI to Sandia. It re- ‘ ) ~ whether there were shipping

duced the redistribution - " and handling abuses.
of the contamination. .
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microcuries respectively. This represented about 1 percent of the

total activity that was remaining on the detector.

D. Contamination Hotspot Identification

Before proceeding with the gamma spectrum analysis and the
electrical investigation, film exposures were conducted on the entire
detector housing. The purpose of conducting the exposures was to
determine whether the activity was from uniform plateout or whether
the contaminants puddled and dried. The film indicates the latter
case took place. There were no efforts made to quantify these hotspot
differences through photodensitometer measurements. The pictures
in Figures 29 and 30 illustrate these variations. The negative with the
hole in the center is that of the 1id while the other is that of the
bottom. Figure 30 illustfates how the film was placed. Type M film
was used on the 1id and "AA" on the bottom. Type M film is four times
slower than "AA" film; and, consequently, the dark spots, although they
may appear to be from about equal source activities, indicate at least
four times more activity on the 1lid. The 1id picture (Figure 29)
illustrates that the activity in the region of the aluminum Victoreen
label is higher. Pictures of the sides and bottom illustrated that the
activity was mostly uniform. There were spots on the bottom that
indicate water may have run down the sides and formed a drip release
point. As it dried it became a point for concentrating radioactive’
isotopés. For all film work, the detector was wrapped in a singlé pbiy
bag. This prevented contaminating the film. The bag was 0.00445 cm
{0.00175 inch) thick and represented a beta particle "range" of 4.8 mg/cm2
(Figure 31). All film used was Kodak types AA, M, and single coated R
Qith 0.0267 cm (0.0105 inch) of orange paper wiﬁh a black poly coating
sandwiching the film. The black poly coating was about 0.00635 cm
(0.0025 inch) thick and represented a beta particle "range" of 7.1Amg/cm2.
Dark spots on the film were primarily from beta exposure. To demonstrate

the contribution from gamma, a set of exposures were made using 0.159 cm




FIGURE 29. Film Negative of Detector Lid. .
Illustration of the variation in beta activity.
Dark area was over the Victoreen label and light
rectangular area was a position tag.
. k4
FIGURE 30.

FilmVNegative of Detector Bottom.
The dark spots identify areas where coritaminated
liquids probably concentrated and dried.




FIGURE 31.

Film Located on FIGURE
Detector.

Typical arrangement

of £ilm location on

top.

32,

Lead Shield for Beta

and Gamma Discrimination.
Lead, 0.159 cm (1/16 inch)
thick, was used to
determine whether hotspots
were beta or gamma
radiation.




(1/16 inch) of lead betweéen the detector and film (Figuré 32)., Film
exposure fogging (background) was aboﬁt thé same with or without lead
when using the same type films and exposufe‘times. There were no
noticeable shaded areas. This indicates that the film‘"hot‘spbts" were

primarily caused from beta radiation.

It was evident from the film work that horizontal surfaces
(the 1id, the mounting bracket ledges that were facing up during the

accident, and the gussets between the mounting bracket legs) were

the chief contributors. These ledges served to trap the contaminated

liguids that later dried and plated out. Close observation of the

original film negatives showed that in the areas where the plastic bags

had several folds the increased thickness was enough to further attenuate

the beta particles.

E. Contamination Levels and Type Identification
After completing two sets of film exposures, we examined the
detector to determine the gamma emitting isotopes and their concentra-

tions. The detector housing was studied at Sandia Laboratories using a

gamma spectrometer, while radiochemical analyses of an aluminum label
and connector were made at Los Alamos National Laboratories. Table 6

summarizes our findings.

Using a solid-state Ge (Li) detector to survey the housing,
we were able to detect only cesium-134 and cesium-137 isotopes. To
quantify the activity levels the detector was rotated through six
different positions (top, bottom, and four side positions 90 degrees

apart and measurements were made at.each position. The physical size

of the detector also introduced some geometry problems in counting.
The uncertainties in counting shown in Table 6 are a result of some

shielding by the apparatus that supported the unit above the detector.
2

The labels, a 6.4 cm® square of paint, and the connector shell were

removed before determining that this problem axistead. We have,




nevertheless, been able to determine within some limits the original

activity on the unit.

In order to expedite our effort, the labels on the detector
were removed along with the mating connector pieces at the top. These
were sent to Los Alamos for analysis. Figure 33 shows the detector with
the labels removed. The top label was an aluminum Victoreen label held
in place by an adhesive. The side label was a plastic TMI identification
label held in place by two screws. Figure 34 shows the major items
removed. The analysis of the Victoreen label supported the film work
results. 1Its cesium activity was about three times higher than the
rest of the lid. A reason for this may be that some of the contaminants
were held in the adhesive beneath the label. The hand probe measure-
ments verify this to some ektent. The connector ring was the hottest
gamma-emitting item sent to Los Alamos (7 mR/hr vs 3.6 mR/hr for the
Victoreen label), but it had a much lower cesium activity than the label
(4.46 vs 28.8‘uCi). Costsilinited identification of ali the isotopes
present, but for our purposes in determining an approximate total activ-
ity, cesium-134 and 137, as well ‘as ‘strontium 90 ‘were found as the
‘principle contaninantS.? No‘plutoninm‘or uraniun‘wefe'detetted.

Perhaps the most significant findings were the relationship
between horizontal ‘and vertical surfaces.‘ The lid had a cesium actiVity
- a factor of 10 higher than the sides per unit area. The top had a
“asium-137 activity of 0.973 uCi/cm‘ vs 0.103 uCi/cm2 onfthe sides.‘

Table 7 gives the published resultsl7 of ewipes‘in the area where

' HP R-le was located for comparison.




FIGURE 33.

Detector with Labels
Removed.

A picture of the .
detector showing how
the labels were
attached and the
overall condition

of the detector.

FIGURE 34,

Labels and Connector
Parts,

‘Parts that were
removed for isotope
and chemical contami-
nant evaluation.
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TABLE 7
Results of Swipes, HP-R-211 and Surroundings

s:-soz) Cs-134 Ccs-137

(uCi/em?) (pCi/em?) (nii/em?)
JULY 23, 1980 ENTRY ‘
Floor in front of HP-211 0.030 0.100
wall by HP-211 1.5%1073 9.8x107°>

AUGUST 15, 1980 ENTRY
Floor under HP-211 0.066 0.407
Swipe of HP-211 itself 3.1x10"3  2.2x10"¢ 1.6x10"3
These values indicate that the swipe surveys aré low by over a factor
of 10. This is to be expected because of the difficulty we had in
decontaminating the unit. These swipe surveys and others also reflect

the ratio of 10:1 or higher between vertical and horizontal surfaces.

F. Internal Sampling and Findings

Following the initial evaluation of the unit exterior and the
electronic investigation and calibration, the detector was prepared for
opening. A 3.81 cm (1.5 in.), 18 gage syringe was inserted through the
;ubber in the connector to remove a sample of contaminants that may have
leaked into the unit when the containmeht building underwent its pressure
excursion(s). Figure 35 shows the operation. There was no internal ‘
pressure, as it would have been apparent with the e)ection of the syringe
plunger. Likewise, there was no obvious vacuum because the syringe
withdfew with no undue force. Three gas samples were removed in this
manner and immediately inserted in 10 cc serum-separator tubes. No
measureable levels of radiation were detectable through the glass serum
tubes (< 0.01 mR/hr). The screws were then removed from the 1lid and the
unit opened. Swipes were immediately taken on the circuit board and the
housing interior walls. Beta radiation levels were slightly above

background and considered to be from the opening operation. An inspection

of the circuit boa:d and interiors showed no sign of moisture, rust,




4

:Actual photograph of the first’ sampie
being removed from inside the detector
prior to removing the 1id..

FIGURE 35. Internai Detector Sample Remoi}al."

89




90

oxidation, or mildew. We did have a problem in separating the 1lid
from the unit body.' A crust had formed almost all the way around in

the region of the OFring seal. The O-ring was highly contaminated.

G. Non-radioactive Analysis

In the process of developing a scenario for the radiation
time history plot, it became obvious that during the time period the
containment building sprays came on, all the radiation monitors in
the building reacted. The reaction could have been caused by the
high temperature or the building pressure that preceded the spray.
However, because all detectPrs (located in different areas and floor
levels) reacted at the same time it is not very probable that the drastic
upturns followed by some failures were caused by temperature, since the
hydrogen burn did not evidence itself throughout the building. The
highest temperature was at the 353 foot level and was approximately 85°¢
(185°F). Building pressure did not affect the 211 detector as described
above since no contamination was found inside the unit. To determine
for sure whether the detector had been sprayed, analyses were run to
determine if there were any traces of sodium or boron. Scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), and
X-ray diffraction (XRD) analyses were done at Sandia on the electrical
connector. Because of the predominance of other elements, neither sodium
nor boron could be found, however, the presence of calcium indicated that
hard water had contacted the connector. The aluminum Victoreen label,
which had been removed from the detector lid and sent to Los Alamos
along with other items, was analyzed for sodium and boron. This was done
by leaching a sample with purif;ed water and chemically analyzing the
results. This proved conclusively that the detector had been sprayed.

The results are shown in Table 8.




Table 8

Aluminum Victoreen Label Analysis

NaOH 1.25 microgram
Na,S,ON 2 1 microgram
Boron 0.25 milligram
Sodium 1,56 milligrams
Cs-137 28.8 microcuries

-Appendix C contains the complete documentation concerning these analyses.

H;'Archiving

As part of our original objectives, we determined that
some items should be’afcﬁived in the eVeanthat some questions may
arise reqarding’aqtivi;y,,decontam;nqtiqne atc.; The:entire detector
lid, less its élgminum Vic;o;eeﬁ lébel and -.one. square inch.of paint,
were stored.  None of the,paint,sc:apings, cqnneCtorvparts, the internal
atmosphere’samples, or’the plastic label plate from the detector body
side have been analyzgd,-~Laquof funds and time have prevented these
analyses as well as a compleée‘investigation of the films exposed to

,“characterize the hotspoté.
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VIT, DECONTAMINATION

All the decontamination (decon) work was done on the detector
body. As previously stated, the 1id was preserved for future information.
The information that exists at this time indicates that the contamination
and consequent radiation levels prevent sending teams of people in to
scrub and wipe down the building and its equipment. Our approach, there-
fore, was to analyze decon methods by simply applying a solution, rinsing
it, and determining its effectiveness. There are some limitations that
must be applied to properly interpret the results. Some results are
tabulated as "percent decrease"; this is a comparison to the previous
activity and not to the starting activity. The more contamination that
is removed the harder it gets to remove the remainder. Because of this,
a heavier weight should be‘applied to the methods used at the end. This
is the first painted item that was removed from containment and repre-
sented the most relevant surface to decontaminate. It has a gray paint

on a rough cast aluminum surface.

Table 9 summarizes the efficiencies of the various decon steps.
Handling was considered to be the first step. It is significant that
about 44 perceht was lost through the handling req&ired to conduct the
film/exposures and to make electronic measurements. Throughout these
exercises care was taken to reduce rubbing, but a significant guantity

came off easily.

Five different decontamination methods/steps were performed
and, in four out of the five steps, it was a liquid lightly sprayed onto
the detector body. A 500 mL squirt (wash) bottle was used to apply the
solutions and to rinse them off in the manner shown in Figure 36. The

nozzle pressure was pontrolled by hand squeezing and was limited to
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TABLE 9
DECONTAMINATION

HP-R-Z11 AREA MONITOR

NOTES: (1) Decontamination was conducted only on the detector body.
(2) Approach: No scrubbing, low velocity spraying only.
(3) Ratio of Cs-137 to Cs-134 was about 6.3/1 in Oct. thru Dec 1980.
(L)) Cz.lculated.hud on relative posxuon measurements

- DECONTAMINATION STEP

AS UBEFORE DECORY | WATER 1 DETENGCERT
RECEIVED - HANDLING SPRAY SPRAY STEAM 1/2 BR. S 1 HR SOAR
GAMMA SPEC. ANALYSIS B o ) ¥o Da
) measur No Data Mobata__— | N ou 2.3 — 14.2_—| No pata | Mo Patd—
Activity  (Cs-137) uC: =70 | . 39.3° 3.6 30.1 18.9 -
Percent DecCreaze per Step ~44 . 14.5 . 10.5 37.3 No Data 46.2 Tota
Accum. Reduction-Percest - . 14.5 - 23.4 52.0 No Data 74.2 Tot
Wash & @inse Solution mz‘“:cii" - 3,63 " 2.69 - - -
BETA - CIIWA PROBE V ’
mRac/hr After Decon sw (Avwg) o
Bata 20.5 S | 16 9.6 5.6 a4
Gamma 3.3 2.8 2.5 1.5 0.98 0.76
Ratio {Beta to Camma) 6.2 6.l 6.6 6.4 5.7 5.8
wmRad/hr After Decon Step (houpor.) .
peta 98.2 : ~ 80.0 T 71.0 46.2 26.4 15.7
Gamma 7.9 " 6.6 L 5.9 3.4 2.2 1.5
Ratio {Beta to Gamaa) 12.4 12.1 12.0 13.6 12.0 10.5
Percent necxouc'pcr Step i
Beta/Casma (Avg) ‘ - . 17/15 4/11 41/40 42/35 21722
Beta/Casma (botspot) . - 19/16 11/11 35/42 43/35 41/32
Accum. Redurtiom—Percent .
Beta/Gamma (Avg) 0/0 17/15 20/24 §3/55 73/70 79/17
Beta/Gasma (botspot) 0/0 19/16 28/25 53/57 73/72 84/81
Peak to Avg Ratio i
.6/2.0
..7/2.4 4.3/2.4 4.8/2.3 4.7/2.2 3
Beta/ 4.8/2.4 /
LID mRad/hr-{no label)- Avg
Beta/C 254719
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VII. DECONTAMINATION

All the decontamination (decon) work was done on the detector
body. As previously stated, the lid was preserved for future information.
The information that exists at this time indicates that the contamination
and consequent radiation levels prevent sending teams of people'in to
scrub and wipe down the building and its equipment. Our approach, there-
fore, was to analyze decon methods by simply applying a solution, rinsing
it, and determining its effectiveness. There are some limitations that
must be applied to properly interpret the results. Some results are
tabulated as "percent decrease"; this is a comparison to the previous
activity and not to the starting activity. The more contamination that
is removed the harder it gets to remove the remainder. Because of this,
a heavier weight sh.'1ld be applied to the methods used at the end. This
is the firsttpaiﬁted item that was removed from containment and repre-
sented the mdst°re1evant surface to aécohtaminéte. It Has a gray paint

on a rough cast aluminum surface.

Table(é Suﬁmarizes the efficiencies of the various decon steps.
Handling was‘congidered to be the.first step; :It‘ié,sighificanﬁ that
about 44 per@ent:yés lost through the hahdlingbrequired’to conduct the
film eprsures and to make electronic measurements. Throughout these
exercises care was‘tékeh to réducé rubbihg, but a siénificant quantity

came off easily.‘

Five different decontamination methods/steps were performed

and) in four out of the five steps, it was a liquid lightly sprayed onto

.the detector body. A 500 mL squirt (wash) bottle was used to apply the

solutions and to rinse them off in the manner shown in Figure 36. The

nozzle pressure was controlled by hand squeezing and was limited to
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TABLE 9
DECONTAMINAT ION

HP-R-211 AREA MONITOR

NOTES: .(1) Decontamination was conducted only on the detector body.
' (2) Approach: No scrubbing, low vei;)citj fapraying only.
(3) Ratio of Cs-137 to Ca-134 waa about 6.3/1 in Oct. thru Dec. 1980.
(4) Calculated,dssed on relative poiition measurements

DECONTAMINATION STEP

—(BEFORE DECON) WATER
HANDLING SPRAY SPRAY STEAM 1/2 uR. S
GAMA SPEC. ANALYSIS .
‘ ) Mo paa_—— | Wo Data_]| 25.2—| 14.2_— | o Data
Activity  (Cs-137) kC: 39.3 36 30.1 18.9
Percent Decrease per Step . o ) I L 14,5 10.5 37.3 No Data
" Acom. Reduction-Percent .  § - 1.5 23.4 52.0 No pata
_wash & Rinse Solution act!SS LT T - 3.63 - -2.69 - -
BETA - GA®A PROBE
sfad/hr After Decon Step (Avg) § .
Beta ' . 20.5 17.1 16.4 9.6 5.6 4.
Gamma : : 3.3 2.8 2.5 1.5 0.98 0.76
Ratio (Beta to Gamma) . . N . 6.2 6.1 . 6.6 6.4 5.7 5.8
mfad/hr After Decon Step (hotspot) ' -
Beta : ) 98.2 . 80.0 - 71.0 46.2 26.4 15.7
Gapma ‘ . , 7.9 6.6 5.9 3.4 2.2 1.5
Ratio (Beta to Gamma) 1. ' C12.4 12.1 12.0 13.6 12.0 10.5
Percent Decrease per Step
Beta/Camma (Avg) - 17/15 4/11 41/40 42/35 21/22
Beta/Gamma (hotspot) - 19/16 11/11 - 35/42 43/35 41/32
Accus. Reduction-Percent
Beta/Gamma (Avg) . : 0/0 17/15 20/24 53/55 73/70 79/17
Beta/Gamma (hotspot) . 0/0 19/16 28/25 53/57 73/72 84/81
Peak to Avg Ratio )
. ) 4.7/2.4 4.3/2.4 4.8/2.3 4.7/2.2 3.6/2.0
Beta/ 4.8/2.4 /
LID mRad/hr-(nc label} - Avg .
Beta/Gam 254/19




FIGURE 36. Typical Decon Wash and Rinse Operation;
Demonstration of the method used to apply
the wash -solutions or rinse water.’ o
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preveht splashing the'contaminants beyond‘thekcatch‘beaker rim. The
third decon step was low‘pressure steam. It was an attractive choice
because it appeared thét after the first two Qashes, the activity was
imbedded in the paint and higher teméeratufes\might liberate the
contaminénts. Thé objeétive was to apply ﬁhe steam at a low temperature
and pressure‘and'at the same'timé keep the nozzle velocity to a minimum.
An advantage to the use of steam is that it keeps the quantity of liquids

to a minimum thus reducing handling problems.

An extension of the loss due to handling was the first
decontamination step using a 500 mL potable water rinse. It was felt
that the loosely-held contaminants would come off with this small
assistance and would indicate a separation between the more easily
removable from the tenacious. About 50 percent of the initial
activity remained after this step. The table, however, illustrates
this as the first decon step with a 14.5 percent reduction. The water
was later reduced to 450 mL and put in a "Marinelli Beaker" for

measurement. The gamma spec analysis showed that 3.63 uCi of Cs 137

was removed.

A commercial laundry detergent (TideTM) was used next, mixed at the
ratio of 2 teaspoons per 500 mL of warm water. After thé spray wash the
surface was drip dried for 5 minutes and thentrinsed with 500 mL of cold
tap water. A surprisingly small 10.5 pefCent reduction was accomplished
with this method. Both the wash and rinse waters were collected and
concentrated (by boiling) to 450 mL each for measuring. The total Cs 137
removed was 2.69 uCi and the reduction closely coincided with other measure-
ments. No further solutions were evaluated following this step, since our

instrumentation methods closely agreed with the solution measurements.

The detergent spray step indicated that the remaining activity
was firmly embedded in the paint and possibly in the aluminum,
Liberation of this activity by elevating the temperature,using steam,

was the next step. A commercial engine cleaning and degreasing steam




system was used. A number of problems were encountered in getting

the steam temperature and matching pressure low enough to use. We
estimate the pressure to range from zero to 5 psig. The steam was
puffing from theg;nd of the nozzle and had no significant velocity.

A 37 percent drop in the acti&ity level from the preceding step

was accomplished. As stated earlier, steam has some advantages in that
it requires less fluid. An alternative method may be to elevate

the temperature through the use of an oven followed by a warm water
rinse. For the in situ case, where the reactor containment building

is too radioactive to permit adequate time for personnél to enter and
decon, another possibility exists. Allow the building temperature to
rise to around 93°C((200°F) and turn on the building spray system for some
short period of time. Although this appears drastic, it would probably
reduce the levels to the point Wheré‘"stay times" allow other decon-

tamination methods to be used.

Contact with TMI and Bechtel personnel about our results
suggested the final two decon methods used. At thg request of R. C.
Rudolph and D. Giefer, both.from,Bechtei, we sprayed the detector with a
commercial product they supplied. kIﬁ waé a phosphoric acid chemical
(both chloride and fluoride free) identified as TURCO 4512A. The instruc-
tions were to spray‘a 10% by volume solution and let set for 15 minutes.
The solution témpéraﬁures were to be 60° to 66°C (140° to 1500F). Two
tests were conduCtéd ﬁsing the TURCO solution but with some modifications
to the hethod recommended. Following the wash of the first test it was
allowed to se£ for 30 mihuies before being rinsed. - In the second test the
soak time Qas i hoﬁr. Both were app}ovéd by Giefer. The total wash
soluti&n ih éach'caSe Qas 500 mL and a rinse with 750 mL and 500 mL. All
solufion and rinse temperatures Qeré at 57°C (135°F) at the start and
about 520C (128°F) at the end of spraying. The first TURCO decon step

reduced the average'activity about 40 percent and the second another
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20 pefcent. At this point the levels on the detector were so low
(average beta 4.4 and gamma 0.76 mRad/hr) that any further testing

would not be warranted.

In conclusion, it can be stated that the contamination has
migrated into the paint and will réquire repeated applications of a
selected decon method. About half of the contamination is loosely
tied, and hotspot zones do not tend to decon faster as a result of

blending but drop at the same rate as the average.

Decon Measurements

Two methods were used to determine the effectiveness of the
decpn step. Gammaﬁspéctroscopyawas used.ﬁoVkeep track of the.
relative drop in activi;y askwellkas,an inté?mittent check of the
actual.changeskin activity. The‘solu;ions;usedkto wash and rinse for
each step were collected but only in'the fifst two steps were they
evaluated. They‘we;e also used.as a checkAonV;he measuring systems.
The gecond:method‘used.go evaluateAthe decon:e££ectiveﬁess was. a .

‘portabie peta-gammaiinstrument, ;Thqvgurposé:for.thisﬁwas to determine
whether the "hotspot" areas onrtheldetectpr.drdpped‘fgster {easier
and faster,to:decon) or whethgr tne ho;qut and’ayefage areas
: dropped by the-same:percentage. We found that the latter case is
ywhat’took p;acerrqﬁ béginning to'énd. The.gSmhafspeé analysis gave
anonerall pdint-sﬁurce presentation of :elat;ve changes and total
- activity differehcés; while the hand probe was able to follow relative
changes of hotAépots and geﬁera; area as well as present a true contact
dose-rate in millrad per hour for both the beta and gamma source

activities. The principle contaminates were cesium-134 and 137 emitting

beta and gamma, and strontium 90 emitting only beta.



http:intermitte.nt

A swipe was taken from a bag that had contained the detector
in order to generate a calibrated "absorption curve" for our probe
against the type of activity it was to see. The calibration also
considered the fact that all readings were to be done through a single
plastic bag having a "range" or "absorber thickness" of 4.8 mg/cmz.
This combined with a probe thickness of 30 mg/cm2 for a total thickness
of about 35 mg/cm2 and translates to a "transmission" of 30% or a beta
correction factor of 3.3. A calibration of the Eberline HP-270 probe

connected to an Eberline "Rascal" ratemeter-scaler model PRS-1 and an

NBS certified Cesium 137 source produced a conversion of 1400 CPM
(counts per minute) per millirad/hr. To determine the dose rates the

following equations were applied:

mRad/hr . (Beta) = Open Window (CPM)lzoglosed Window (CPM) X 3.3

mRad/hr * (Gamma) = Closed Window . (CPM) .
‘ 1400 o ‘

Appehdix p contains some of thé‘actﬁal daté éheeés frém the
hand probe measurements. A fotal of 44 locations were selected for
measurement initially. This was later changed to 28 positions with little
effect on the average values. Table 9 is a condensation of all the work
done in decontamiyating the detector body. The bottom line of the table
provides hand probe»measurements made on the detector 1lid only for
comparisoh, since it was not decontamina;éd.V>The hotspot contact beta
dose rate was on the aluminum label and,readtabout 1 rad/hr when

received at Sandia.
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APPENDIX A

Stripchart Information

Appendix A contains miscellaneous documentation used to

understand the HP-R-211 stripchart recording.

contents

1. Channel 8 vs Channel 9 discrepancy and HP-R-211

calibration prior to accident.

2. Maintenance record; HP-R-211 calibration prior

to the accident.

3. Health physics gamma rate measurements at full

reactor power.

4. Gamma rate maps as measured during manned entries

l, 2 and 3.

5. HP-R-211 stripchart near the time of the hydrogen

burn and sodium hydroxide spray.
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Metropalitan Edison Company
Post Office Box 480
/ . Mddietown, Pennsyivenia 17087

717 9444041

22 October 1980
Mr. Frank Thoms 1-80-242
Division 4445
Sandia National Laboratory
P. 0. Box 5800 .
Albuquerque, NM 87185
Dear Mr. Thome:
A copy of the Three Mile Island Unit 2 Biological Shield Survey (TP 800/3)

test results are attached per ‘your re'qu‘u:., . Kl_lb‘ attached are a complete set

of marked-up drawings indicating the approximate location where the radiation

. readings were taken.

As discussed in the phone coﬁveru;idn between );ourself and John fllnt. )
pfoblemu with water evapouticnk from t& nt;vabie sh&eid ﬁnks Qround the rnct;n'
vessel flange area effected the .mis\;red neutron dose rate. A small gfféct

‘on the gamma dose rate would ‘alys_o B«vexpected'.k ' The data recorded at 407 fu;l
power. inqlcates the relative "mgnltude of 'thc probi?ﬁ vben' compn'rcd to the

data obtained at 100% full power. This problem still existed on 28 March 1979,
If we can 'bt of ‘any further as’sibaunce,‘ please feel free to contact us.

‘Sincerely Yours, .

T. M. Hawkins
Superintendent, Startup and Test
‘_I‘HH/JHF/.llo
A:tuchsgnu :

cc:  J. A, Brummer, without attachment
© G« P. Miller, without attachment
Correspondence File : .
Central File

Metropoitan Ecison Company 1§ 8 Member of the Generat Publc Ltibes System




Ref. Step 9.2.1

REACTOR POVER?

POS.

19,20, 23,24 ARE

ON OUTSIDE OF D=-RING

WALL ACROSS FROM DETECTORS.

BIOLOGICAL SHIELD SURVEY

f POSITION DOSE MEASURLMENT INSTRUMENT TINE DATE | DATA TAKER |
, , INITIALS
'5-7— NUMBER rlur.%( n ke /he NUMBERS .
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2 | e a <5
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10 <. "{ - ’ v |-
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3 <, 2 «,5 \ \
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3% <.2 s \fé v v '

monsezr 1 OFFICIAL FIELD COpy  nmyur

Fage 2 of 3 ' ' Stcocsive Page 0
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Dupliécté Page

0
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Ref, Step 9.3.1
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APPENDIX B

Transistor Characteristics

Transistor current gain, HFE, degradation is plotted in the
curves given here versus cumulative gamma radiation dose. Eighty-
seven devices from four manufacturers were passively exposed to a
Co 60 source in progressive steps, and the characteristics were
measured after each step. Transistor HFE's are plotted for collector
currents of 100 microamperes. The three curves shown for each device
type represent HFE characteristics from the minimum device, the
maximum device and the average of all the devices of that manufacturer.
Also shown are the intersections of these curves with the HFE values
measured for the devices removed from HP-R-211.

The number of devices

of each type as well as the manufacturer is listed on each graph.

Contents

l. Graph, 10 ea. 2N-3565 NSC

i

2, Graph, 10 ea. 2N-3565 FSC
3. Graph, 2 ea. 2N-3903 FSC
4. Graph, 10 ea. 2N-3903 NSC
5. Graph, 10 ea. 2N-3903 GE
6. Graph, 10 ea. 2N-3904 NSC
7. Graph, 10 ea. 2N-3904 FSC
B. Graph, 5 ea. 2N-3906 FSC
9. Graph, 10 ea. 2N-3906 NSC-
10. Graph, 10 ea. 2N-3906 TI
1l1. Anneal Data

1l2. Bias Data
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11.

Anneal Data

TRANSISTOR MFR INITIAL NOV 1?80 JULY 1981 CORRECTION
TYPE HFE HFE HFE ! __FACTOR 2

2N 3965 FSC 350 . 38 55 . 1.3
NPN NAT 240 29 71 1.25

2N 3903 NAT 90 7 14 2.0
NPN GE 78 9 18 1.6
FsC : - - AA;ffv -

N394  NAT 160 . 13 . 28 1.8
NPN ’5""E‘FSC o 170 1 o 'r;fle,f ; 2.0

2N 3906~ NAT 230 ' 33 0 53, . 1.85
PP TI Dom A IR
'i"iAverqge 1.6

T™I QL . 35,5 0 40,0
@ . . | 86.0 = 88.0

03 S év“f '§:?V.=(:20O.Oj;§f j: V}rj;A;
Q4 2000 0 18LT

s S 38.0 0 34.0

Q7 0o 6l.0 ‘52,0 .

Eapapie,

1 Measured ét;Ic =100 pa
2

eI b e

Obtained from gain vs dose graphs. Anneal data measured after
exposure to 3 x 10° rads. Multiply dose estimates by this factor.

oty PR AP e
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12.

Bias Data

Transistor type 2N 3903 NPN FSC

5

Exposure level 1.5 x 10” rads

Gain measurement at 100 uA collector current

TRANSISTOR INITlAL POST RAD  NORMALIZED®  BIAS CONDITION
SERIAL NUMBER HFE HFE HFE DURING RADIATION
1 55.0 25.0 . 45.4 Vep = +10V
2 49,6 21.0 ‘  42.3 VCB = +10V
3 59.0  33.0  55.9 Isat = 1 mA

29.7 22.0 74.1 Isat = 1 mA
s 46.4 . 27.0 = 58.2 ' Passive
6

24,71 19.0 - V76.9 N ‘Paséive

1 1t is unclear why the initial device gains are so low.

2 This refers to normalizing all galns assumlng the initial
gains were equal to 100.



APPENDIX C

Contamination Information

Appendix C contains some of the documentation from analyzing

the contaminants.

Contents

1. LANL radiochemical and gamma spectrum results.
2. Sandia investigation of the connector surface for

building spray analysis.

3. LANL tests of the Victoreen label for sodium and
boron spray residue..
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IN REPLY

awrzn To: 740 December 2, 1980 j 3

UNIVERSITY OF CALIFORNIA
LOS ALAMOS SCIENTIFIC LABORATORY
(Contascy W-7403-2%0-36)
P. O, Box 1889 ¢
Los Almpas, New Mexico 87544

R R S e R

CMB-1 i

Mr. Frank V., Thome
Systems Safety Information
Division 4445

Sandia Laboratories
Albuquerque, NM 87115

o BT et g he £ LY

Dear Mr. Thome: B :

Enclosed are copies of the requested radiochemical analyses of ‘ g
the samples received recently from you. The "connector ring“;a1so, ‘
was analyzed spectrophotometrically for uranium whichiwas not detected
(< 10 ppm). o o o

If there are questions or further aha]yses needed, please contact

me.
Very truly yours,
/%Wf
G. R. Waterbury
Group Leader, Analytical Chemistry
GRW/vmw
Encl: a/s

cc: T. Gardiner, ADEP, MS-178, w/0 enc.
CRMO (2), w/o enc.
File, w/enc.

AN EQUAL OPPORTUNITY EMPLOYER

t
i
E
|
|




C”P'i PEF., NO. b?‘z 1

! £¥3«1 QARTPANALYSIS REPLRT
SAMPLE NUMRE® ' SURMITTED AY COOE PECEIVED
CMR=1~-CONNECTCR P ING WATERBURY §299 11-14=-60

BETA GAMMA DOSE RATE=7,0 MR/HR AT 5 CNM,

CS=137e4,46 MTCROCUPIESy (S=13420,567 MICROCURTIES
SR=9Ce0,11 MICONCUPTESs TELLUPTU® ACTIVITY NNT OETECTED
PU LESS THAN 2E-03 wICROMURIES

CMB=1-HP=R=211~HATCH DLATE .. WATERBURY $299 11-14-80

GAMMA SPECTRUM SHAWED CS=124 AND CS-137
BETA GAMMA DOSE RATFa0.2 WR/HP AT 3 CH,

. CMR=1~PLASTIC R4G WATERRURY §299 11-14-80

GAMMA SPECTRUM SHNWEN CS=134 AND CS-137
BETA GAMMA DOSE 9ATE«0.5 MR/HR AT 5 CM.

CHMB=~1-VICTCREEN DECHL WATERBURY $299 11-14-80

GAMMA SPECTRUM SHOWED CS=134 AND CS=137
 BETA GAFNMA DOSE PATE = 3.6 PRZHR AT 5 CMs

| LMB=1-FILTEP PAPE® WATERPURY 5299 11-14-80

"GAMMA SPECTRUM SHNVEND CS=134 AND CS-137
BETA GAMMA DOSE RATF=0.1 MP/HR AT 5 CH,

PRINTED AND COMPUTER NCVEFRER 25, 1980
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date:

to:

from:

subject:

Sandia Laboratories

February 19' 1981 Albuquergue. New Mexico
Lwvermore, Calidocria

F. V. Thome = 4445

Pl s, A liteel

S. F. Duliere and S.”J. Caldwell - 5822

Analysis of Three Mile 1sland Electrical Connector Surface

Scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), and x-ray diffraction (XRD) analyses were done on an electrical
connector from the Three Mile lsland nuclear power plant to: 1)
characterize the surface condition of the connector, 2) to identify
the chemical composition of the surface material, and 3) to determine
if steam from the reactor malfunction or water from a sprinkler system
was responsible for the connector's present condition.

SEM observations indicated that the threaded area of the connector

was corroded and contained material deposited on its surface. EDS of
various areas on the connector showed the presence of Cd, Fe, Cu, Al,
Ti, Si, and Pb. Samples for XRD anulysis were taken of surface material
from the top of the connector and from the threads, and CdCO3 and CaC0,
were definitely present in the area of the threads, and CdCO; and CaCO5
were identified from the top material. A data reduction program indicated
a low probability that the following compounds were also present in the
surface material: 1) for the top of the connector, CaSO, Nazcs-3H20.
(AlyCu,Fe), Cu0, CuzS51S45, and (alCuy) and 2) for the threads,
CazA13§13012(OH). NaNOj, CaH,S107, and Ca3AlgS12016.

The Three Mile Island connector appeared to exhibit both corrosion and
material deposition on its surface. Cd (cadmium), CdCO3 (cadmium
carbonate), and CaCOj (calcium carbonate) were definitely identified

as constituents of the surface material. For a cadmium plated connector,
the presence of cadmium carbonate indicated corrosion, and the deposition
of silica and calcium carbonate, constituents in hard water, indicated
that the water from a sprinkler system was probably its source.

SFD/SJC:5822:3g 7 ;

4445 1. O. Cropp : B 5822 S. F. Duliere
4453 W. J. Whitfield 5822 S. J. Caldwell
5822 K. H. Eckelmeyer ‘5822 Filg (2)




University of California

m LOS ALAMOS SCIENTIFIC LABORATORY

Post Office Box 1663 Los Alamos, New Mexico 87545

in reply refer to:

Maltstop; CMB-1, MS-740 ~ February 19, 1981

Mr. Frank V. Thome

Systems Safety Information
Division 4445

Sandia Laboratories
Albuquerque, NM 87115

Reference: Program $299
Dear Mr. Thome:

Analyses of the Victoreen Name Plate from TMO have been completed.
_ The entire sample was radiochemically analyzed using a non-destructive
method for '*7Cs. The sample surface was then leached with purified
water to remove surface contamination, and the leach solution was
an?}yzed for basicity, sodium, thiosulfate, and boron. The results
follow:

, 137¢s - 28.8 microcuries
Basicity, calculated - - 1.25 micrograms of NaOH
2s Na0 NazS20y - < 1 microgram
Boron - 0.25 milligram
Sodium - 1 56 m11119rams .

Fo11ow1nq leaching, the name plate was measured for physical dimen-
sions. The average values were as follows:

Thickness with backing - 0.0232 to 0.037 1nch - ave. 0. 0257 in. or :
- ~0.065 cm
Thickness without backing - 0.0173 fnch or 0.044 cm
: Width - 1.735 inches or 4.41 cm
Height - 1.062 inches or 2.70 cm

A1l remaining samples will be returned to you under separate cover.
If there are questions. please contact me.

Very truly yours,

Lo L.

G. R. Waterbury

-CMB-1 Group Leader =

Chemical and Instrumental Analysis
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APPENDIX D

Decontamination Data

Appendix D contains data taken during various stages of

decontamination.

Contents

1. Detector layouts showing the four positions and the
location where measurements were taken with the
hand probe.

2. Data taken with hand probe of the detector 1lid after
the Victoreen label had been removed and with the
detector body disconnected.
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prevent the loss of information as the various steps were taken.

list below highlights in approximate chronoligical sequence the steps

APPENDIX E

- Examination Steps and Archive Storage

The ‘examination of HP-R-211 was conducted in such a way to

that were taken:

1.

10.

11.

12.

13.

14.
15.
16.

- perform electrical‘methods and calibration checks with
ispare detector and ratemeter (test channel)

‘unpack 211

'unpowered electrical tests

p01nt source radlolsotope analySLS

radiation sen51t1ve film contamlnant mapping

gamma range test channel measurements

gamma range 211 measurements (powered) with and without

buffer

temperature and low voltage tests of test channel using
gamma source

temperature and low voltage tests of 0211 using gamma
source

gamma range 211 measurements at low voltage;

detector 211 gas sample removed

‘detector 211 opened and examined

insert test detector electronics into 211 housing for

- background level check

 high impedance measurements on ‘211 connector backshell

powered Circuit'board:trohbleshooting on 211

nametags and connector senteto Los Alamos for

, radlolsotope araly51s.

17.
18.

repair 211 by replac1ng Q6 and agaln test at gamma range

failed tranSLStor sent for analysxs

The
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19. teflon sleeve and O-ri- ~Tongation tests
20. decontamination tests
2l. failure inducement tests on test detector

22. gamma range tests to determine spatial or incident
angle veriability on 211

23. detector/ratemeter calibration experiments
24. steam/spray experiments

25. extremely high gamma source range tests on test and
211 detectors

The undistufbéd‘detéétbr hoﬁsind top éssembly, connector,
backshell 1 in-2 paint scraping, plastic label, and gas sample are being
held in archive storade in an undisturbed state. All the components are

being stored.

S
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6.
7.

10.

1l.

12.

13.

14.

15.

l6.

17.

18.
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