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ABSTRACT

This report describes the feasibility of developing a solenoid valve failure detection svstem
which requires the addition of a radioactive gas to the propellant tank of an attitude control
system. The results of measurements of 109 C140 leak rates near 1 cms/hr with an

avalanche detector are presented.
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1. INTRODUCTION

Historically, solenoid valves have been a source of leaks in gas jet attitude control systems.
When the gas leaks out of the nozzle connected to the solenoid at a high enough rate, it im-
parts a thrust to the spacecraft altering its course. Recently, it has been suggested that if
such leaks developed during long-term flights like the proposed Grand Tour it could result
in mission failure because of the precise course that must be maintained in order for the
spacecraft to fly by cach planet. This report deals with the feasibility of developing instru-
mentation for inflight measurement of solenoid valve leak rates. Such information would
provide the mission controller with é means of diagnosing and correcting the condition, thus
helping to maintain the course within the accuracy required for a deep space mission. In
addition, the same measurement can be performed while the solenoid is actuated, providing
mission control with additional data about the attitude control syst<:a, including burn time
and the quantity of gas expelled. Herein is discussed the feasilility of measurements per-
formed on a prototype system under laboratory conditions along with suggested areas of
study believed to be required before this laboratory system can be considered for integration

with an operational spacecraft.
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2. TECHNICAL DISCUSSION

The experimental program began with the assembly of two avalanche detector counting
systems: one to evaluate the feasibility of detecting leaks external to a gas jet nozzle and
the second was to be used to investigate the feasibility of detecting leaks within the gas

system between the source of the leak and the gas jet nozzle.

The avalanche detector counting systems were self-contained, battery-powered counting
systems originally designed and developed for the U.S. Atomic Energy Commission's
Division of Biology and Medicine. The development of these systems is described in
detail in General Electric Report No. NYO 3246TA-3, 4 and 5. The operating instructions

are contained in Appendix A.

The sensitive element of the system is the avalanche detector which consists of an avalanche
diode and its tunnel diode amplifier. A detailed description of the avalanche detector is
contained in Appendix B. Briefly, when radiation is absorbed in a conventional silicon diode
it creates hole electron pairs which through their own mobility reach the PN junction and
are swept across resulting in a current. The avalanche diode, however, has a high internal
field; and each time the radiation produces a hole electron pair, they in turn ionize silicon
atoms and if the internal field is high enough there is a cascade of electrons from each

absorption.

In order to use this internal gain, a tunnel diode is coupled to the avalanche diode so that it
triggers each time this junction current contains 400 electrons. The result is a digital
pulse for each radiation absorption, making this couple the solid state analog of the geiger

counter.
For this study, shallow junction avalanche diodes were used to maximize the detectors'

sensitivity to the low energy beta particles emitted by the radioactive tracer gas which was
added to the propellant gas.
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The entire test apparatus was designed to simulate a spacecraft gas jet system. The original
mechanical drawing of the apparatus is shown in Figure 2-1. The test plan called {or the leak
rate of the mixture of nitrogen and radioactive tracer gas to be established with a calibrated
Vacoa metering valve. The upstream side of the valve was pressurized while the downstream
side was evacuated. The gas mixture then leaked through the thruster nozzle past the
avalanche detector where it was counted and exhausted into the atmosphere. The acutal

test apparatus, including a view of the thrusier nozzle-avalanche detector geometry is

shown in Figure 2-2.
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Figure 2-1. Leak Detector System

The radioactive gas used was C14 labelled carbon monoxide, purchased from the New England
Nuclear Corporation in the proportion of 10% CO + 90% N2. Although the emitted radiation

is more difficult to detect than other radioactive gases, 014, CO was selected because

the molecular weight is the same as nitrogen which allows us to assume, within the

accuracy of the empirically derived flow equations, that the C14 count rate defined by the CO
leak rate would also serve to define the N 2 leak rate in these tests.

Initially, the calibration of the metering valve was to be performed with a helium mass
spectrometer, leak detector; however, the detector saturated at approximately 3 x 10-6
cc/sec and since we knew of no available flow meter for calibrating the metering valves leak

rate below 107! cc/sec we attempted 2 simple calibration technique using a radioactive gas.
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a. View of Avalancne Detector and Thruster in Vacuum Chamber

h. View of Leak Test Apparatus

Figure 2-2. Test Apparatus



This required modilication of the original test apparatus as shown in Figure 2-3. Bricfly,
the activity of radioactive (:M -C0) gas calibrated in microamps/microcurie was determined
with an ion chamber. The container was then connected at A in Figure 2-3, and allowed to
leak through the metering valve at atmospheric pressure. By placing valves No. 1 and 2
above and below the metering valve as well as No. 3 below the in-line detector it was
possible to purge ihe line with nitrogen through Valves 4 and 5 so that all of the gas that had
leaked through the metering valve when 7 was closed, could be returned through Valve 6 to
the ion chamber at cne atmosphere and measured again. When the ion chamber current
reading was taken after collection, it provided the number of microcuries which had leaked
through the metering valve in time t. Dividing this value by the volumetric activity of the
gas (microcu rics/cma) previously calibrated, gave the number of cma/sec which had been
collected. We found this technique to be quite repeatable and sensitive to leak rates in the

6 -1
" to 10 cm3/scc range. However, becuase the gas was collected for the calibration

10
the pressure in the collection volume was not a constant; thus, Lhis simple le‘.k calibration
technique would not be expected to represent true flow conditions. In order t¢c measure the
inlet and outlet pressures of the metering valve to determine if a correction was needed, the
test apparatus was again modified by placing thermocouple vacuum gauges just above and
below the metering valve. The outlet pressure was observed to increased from 1 micron to
I millimeter during the collectiv;: period. Such an increase would not be too great for
accurate flow calibration as long as the inlet pressure was near 1 Torr. This is so because
of the strong dependency of flow Q on pressure difference across the leak; i.e., Q =K

(Pé‘ - Plz) ch/scc where K = leak geometry
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Figure 2-3. Test Apparatus Modification




P2 = outlet pressure

P1 = inlet pressure
Subsequent measurement of the metering valve inlet pressure showed that during these
tests the inlet pressure varied little from atmospheric, which means that the calibration of
the metering valve using this technique is as good as one's knowledge of the kind of leak
involved: i.e., molecular, laminar, etc., for the error introduced by the calibration system

is no more than +5 %.

Having defined the leak rate as shown in Figure 2-4, we then attempted to measure the leak
through the thruster with an avalanche detector having an active area of 0.05 cm2. However
even at maximum detector sensitivity, where the background was 3 counts/minute, we were
only able to obtain 6 to 8 counts/minute. In fact, no counts above background were measured
unti! Lue !~tector was placed within the plume of the nozzle. Obviously this was not useful

data. In comp:rison the detector "looking' into the 1/4-inch tubing near the metering
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Figure 2-4. Metering Valve Calibration
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valve outlet had a count rate of 320 counts/minute for the same leak rate ~ 8 cms/hr. This
difference in count ratc is the result of the pressure difference inside the 1/4-inch tubing
and that in the vacuum chamber; i.e., 1 millimeter and 1()-4 torr, respectively. This is
easily understood when considering that the higher pressure allows the radioactive molecules

more opportunity to pass in front of the detector than at low pressure.

It seemed likely that with a large area (1 cm2) avalanche detector it would be possible to in-
crease the count rate per lcak rate out the nozzle. However, it was not possible to perform
this measurement with the existing tunnel diode amplifier mounted inside the vacuum chamber,
because the internal capacitance of the large avalanche diode is so great that it reduces the
sensitivity of the tunnel diode amplifier to the point where it can no longer detcct C14 beta
particles. In order to perform the thruster leak tests with the large area diode, it would
have been necessary to replace the tunnel diode amplifier with a charge sensitive amplifier
which would have required considerable time to assemble and check out in the vacuum
chamber. Instead, it was decided that it would be better to use the remaining portion of the
program to calibrate the avalanche detector which was placed between the metering valve

and the thruster nozzle. These data were intended to demonstrate the feasibility of a solenoid
failure detection system, assuming that it would be feasible to insert a smaller calibrated
deteetor approximately 0 109-inch diameter between the solenoid valve and the thruster
nozzle ol a flight system as shown in Figure 2-5. Based on an evaluation of JPL Drawing
No. D4201389 Rev. C, it would appear that there is sufficient room between the jet valve

seat and the nozzle aperture to insert a detector.

The calibration of the 0. 05 cm2 detector was performed by tabulating the number of C14
emissions detected in counts/minute as a function of gas flow rate F in r'.m3/sec. The
experimental results are tabulated in Table 2-1 as a function of metering valve turn units.
These data are then normalized to the sensitive volume, the activity of the radioactive gas
and the pressure in the volume as follows. The sensitive volume Vs is a cylinder defined by
the detectors, 0.3 cm diameter which "views' the gas in the tubing, through a .11 cm long
hole (see Figure 2-6). This volume turns out to be 0, 025 cm3. The activity of the cl? in the

gas bottle is 10 millicuries per 100 cm3 of CO 4+ N_ at 20 psi or 100 micrccuries per cm3

2
at 20 psi.

2-6
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a. Typical Mariner Attitude Control Gas Jet Configuration
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Figure 2-5. Thruster Nozzle of Flight Control




Table 2-1.

0.005 Square Centimeter Detector Calibration

Valve Uipstrean Downsteewm | Avalanche Detoctor | Avalanche Detector | Ve, Clumber
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When this gas leaks through the metering valve, it enters the test volume at a lower

pressure which essentially lowers the total activity of the radioactive gas. IFor these tests,
il 1s assumed that the activity At of the gas in the test volume is directly proportional to the
Actlivity Ai at 20 psi times the ratio Pt/Pi’ where Pt = pressure in the test volume and Pi =

pressure in the gas reservoir; i.e.,
A=A (P/P,
{ i ( l l)

The cahibeation tactor ol the detector then takes the following form

(’jl /’\rs ___counts

—_— microcuries

A N T~ T
ot —a

F S
hr

For cxample, at 4.32 ce/hr the total number of counts detected in one minute was 150; thus,

the calibration factor is

. ) 3
150 counts/0.025 ¢cm 4
100 p curie - 3.86 x 10-2 _0.72 x 10 counts/p curie

3
cm 20 psi cm3/h r

4.32 cmd/hr

Table 2-2 gives values of the calibration factor obtained at various metering valve settings.
These values are in quite good agreement when considering the errors involved. For
example, at the higher leak rates the test chamber pressure reading from the thermocouple
gauge was probably in error by as much as 20/ ; whereas, at the lower pressures it is
closer to 5 . These differences nearly offset the corresponding differences in error due Lo
counting statistics at the low and high leak rates. The combined crror includes the error

due to couniing statistics, the error in the pressure measurement and the error in the

"E where

metering valve calibration. Briefly, the error due to counting statistics is N

( N = the events counted by the detector.

)




Table 2-2. Calibration Factor Obtained at Various Metering Valve Settings

Detector
Calibration Error Due to
Factor Counting
Metering Leaksnate counts/u curie Statistics
0 )
Valve units cm“/hr cms/hr ()
160 0.72 4.87 x 10% +35
175 1.44 1.25x 10° +20
200 4.32 0.72 x 104 +8

For the thermocouple gauges used, the error was proportional to the pressure range being
measured; that is, at 500 microns the gauge accuracy was approximately +10%, at 1000
microns it was +20%, and at 5 microns it was approximately +5% . One error encountered
in the calibration of the metering valve was the accuracy of the C14 standard, which as
specified by the vendor New England Nuclear was +5%. In the initial calibrations 20 to
30 errors were introduced due to incomplete collection of the gas, but as experience

increased, the repeatability improved and the deviation was reduced to 10%.

As a result, the total error in terms of leak rate is approximately 50% at 0.72 cms/hr,

3 ; 3
35% at 1,44 cm’ /hr, and 28% ai 4, 32 cm /hr,

Obviously, these measurements can be improved by using more accurate pressure gauges
and increasing the activity of the gas. In addition, varying the test chamber volume and
the sensitive volume of the detector would improve the counting statistics with a corresponding,

reduction in error. Also, longer counting times can produce the same thing,

Again good agreement was obtained at several leak rates when normalizing the count rate
to the sensitive volume, the pressure difference, and the activity of the gas which
demonstrates feasibility. However, in order t¢ monitor valve leak rates in space, a detector

must be installed between the seat of the soienoid valve and the gas jet pozzlc of the

2-1'.




operational attitude control system. After measuring in the lab the counts/min detected at
3
cm .
a particular leak rate —— out of the nozzle and knowing the amount of radioactive gas added

hr
to the propellant tank, onc can determine the counts/min for any other nozzle leak rate.
For example, if the failure detector in the operational system registered 2000 counts/min
3 P :
at a nozzle leak rate of 1 em™ /hr when 10 millicuries were added to the propellant tank,

then the calibration factor is

2000 ¢/min

’

1 ch/hr

thus, if telemetry data indicated a 1 minute count of 200 the nozzle leak rate at that time

in the flight would be 0.1 ch/hr.

2-11
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3. CONCLUSIONS

In summary, it has been shown that a small arca avalanche detector could marginally
sense radioactive gas leaking through a gas jet nozzle and by increasing the detector arca
the count rates should increase proportionally to where quantitative measurements ol leak

rate out the nozzle could be determined.

More importantly, however, this program demonstrated that a detector placed between the
leak source and the nozzle aperture gives useful leak rate data because of the higher de-

tection probability, This means that instead of developing a marginai leak detection system

for use external to a spacecraft adjacent to the attitude control thruster, it would be feasible

and more practical to develop a sensitive solenoid failure detection system integrated into
present attitude control systems by inserting a calibrated avalanche detector between the

solenoid valve and the thruster aperture.

3=1
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4. NEW TECHNOLOGY

There is no new technology to report during this period.
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APPENDIX A

OPERATING INSTRUCTIONS FOR AVALANCHE
DETECTOR NV'CLEAR COUNTING SYSTEM

A.1 OPERATING INSTRUCTIOMNS

A.1.1 PRELIMINARY PROCEDURE

The preliminary procedure is:

1. Connect power cord to back of the instrument.

2. Turn POWER switch on front of instrument to OFF,

3. Connect power cord to 115 VAC outlet.
NOTE: In this state the instrument is in the charging condition for the
Ni-Cad batteries which are located within the case. When the instru-
ment is not in use, it should be left connected to a 115 VAC outlet with
the POWER switch OF ¥,

4. Turn the DETECTOR GAIN knob and the DISCRIMINATOR knob to the

extreme counter-clockwise position (0. 0).

A.1.2 OPERATION

To Operate:

1, Turn the POWER ON SWITCH to ON position.

2, Turn SAMPLING RATE switch to HOLD position.

3. Turn GATE TIME switch to INF. (infinity) position.

4. Push the START switch. The gate light will light.

5. Turn the DISCRIMINATOR knob clockwise until counts are observed at a high

rate on the display. From this position turn the knob a quarter turn counter-
clockwise.

| P ———————



6. Turn the DYTECTOR GAIN knob clockwise until counts are again observed

at a high rate on the displey. From this position turn the knob counter-
clockwise a quarter turn,

NOTE: The sensitivity of the instrument may be increased by 27 usting
bhoth the DETECTOR GAIN and DISCRIMINATOR knobs closer to the count
position (clockwise adjustment) as described pre~iously. The DETECTOR
GAIN adjustment has the most effect on sensitivity since it adjusts the
multiplication in the silicon detector. The DISCRIMINATOR ADJUSTMENT
scts the discriminator level which is a monostable oscillator.

-]
.

Push the STOP switch, The gate light will go off and count accumulation
will cease,

8. Push the RESET switch, Display wil! reset to 0000.

A.1.3 COUNTER OPERATION
The previous procedure has put the instrument in a count totalizer condition with start,

stop, and reset functions performed manually by the user,

A.1.4 SCALER OPERATION

With the instrument in the counter condition from the previous procedures the counter

may be made into a scaler by the following procedure:

l.  Turn the GATE TIME switch to the desired counting interval position,

(3

Turn the SAMPLING RATE switch clockwise until the desired display
time is achieved,

In this position, the instrument will automatically count for a period
ol time selected, stop at the end of the period and hold the total count
and reset to 0000 and start again,




Parts List

Item Quantity Description
1 1 Avalanche Detector Nuclear Counting System
Includes (a) Instrument case and
power cord
(b) Avalanche detector and tunnel
diode amplifier
(c) Detector and amplifier
regulated power supplies
(d) Logic circuitry for scaler
operation
(e) '"Nixie'" display
(f) 5 Ni-Cd rechargeable batteries
2 1 Source Bottle
Contains 90% N2
10% C14 labeled CO
3 1 In Line Gas Regulator
i 1 Micron Filter
5 1 Vacoa Metering Valve
6 1 Misc. Stainless Steel tubing, conrectors and valves
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A NEW IONIZING RADIATION DETECTION CONCEPT WHICH EMPLOYS
SEMICONDUCTOR AVALANCHE AMPLIFICATION AND THE

TUNNEL DIODE ELEMENT

Robert |. Locker and Gerald (.. Huth

General Fleetrie Company

Space Technology Products

Philadelphia, Pennsylvania 19101

(Heceived 22 July 1966; in Tinal form 26 August 1966)

A concept tor the detection of 1onizing radiation which utilizes the inherent high speed and large amplitude of the

induced charge pulse in a semiconductor avalanche detector coupled with the tunnel diode element is deseribed.
It has been shown possible to digitally detect extremely low energy events even in high-current-induced noise
backgrounds in the avalanche detector. Cryogenic cooling is not required. Detection is accomplished by use of the
rate of rise and magnitude of the nuclear pulse (or alternatively a pulse of suitable amplitude and rate of rise gen
erated by optical photons). The high-speed time domain allows discrimination against all noise-generated events

because charge is not integrated in this scheme.

With the development of avalanche semicon-
ductor radiation detectors and particularly those
of the “contoured surf ce” type,' signals of large
amphtude in very fast nme have become available
from ionizing particle interactions. Using this form
of amplification, we have demonstrated that it is
thus possible to circumvent, at least for digital or
particle detection applications, the more usual
external charge-integrating ampiification schemes.
This Letter will report one scheme which utilizes
the tunnel diode as the sensing element in combi-

nation with an avalanche detector for nonintegrat-
ing charge detection (a system which will respond in
the same time period as the movement of the event-
induced charges). ‘The result of this combination
is (1) high sensitivity as exemplified in the ability
to detect a charge of 7 X 1677 C (as generated in
silicon by an aiuminum Huorescence x ray of 1.49-
keV energy), (2) the ability to unambiguously (with-
out background counts) detect such events even in
high detector leakage currents (to 106 A in one
circuit measured) and (3) an extremely wide count-
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trons/nsec which have been created by o tloneed
leakage curvent ol 100 g A (do) m the avalanche de
tector. ypically sach corcnits requinre Last Tesponse
active clements having low capacitance. Also the
(illllll ulln‘l:_;lll.lllull (HIIH('(IIIIL'. lln' delinve (l(‘\ll('
1o the scmconducton detector must be optinmized
for low values of senes iductance and resistance
and shunt distiboed capacitances. The nnportance
ol the low capacitance as that the voltage signal
avatlable o the sensmg active element as divealy
related o the tonal capacitance through the charge
equation ( Q/C). For a hmited charge event the
Capacitance e the detecor, sensing element and
circuit must be small 1o obain an adequate voltage
signal 1o trigger the sensing device,

A circunt —the subject of this Letter —which has
the above characteristics consists of a tunnel diode
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hiased in a monostable wode as thie active charge-
sensing device conpled o an svalanchie radiation
detector. Inhiis case the avaliowche detecton s of
the “comtoured” nype A sundadized  pulse (in
amphitude and width) s then given ae the circait
output Lo the detection mthe avalanche device of
a nuclear event. The circun shown in Fig. 2 has the
described  charge  thresholding charvacteristics by
adjusting cither the tunnel diode oi the avalanche
deteaor bias. Also the el diode s integrally
conpled 1o the avalanche detector 1o eliminate lead
length inductance nel s movied for mmimum
distributed  capacitance s showan i Figo 30 The
pulse width of the stand.aa pulbse o piaaily con-
trolled by the inducton £ dhe magnnude of the
inductor L cannot be reduca o b b us elfectiveness
as an rf choke tor the vate of vse ol the induced
charge pulse at the contacts of the avalanche de-
tector.

Fhe fast induced charge pulse ac the avalanche
detector is tanslated through the charge equation

Low (-)
VOLTAGE

HIGH (+)
VOLTAGE

CAVITY T:R

<
|
c SIGNAL
: — ouT
|
| s |
N 0T 247§ P 5“__]_;"*’
AVALANCHE
DETECTOR
Fig. 2. Schematic diagram.
TUNNE!L
DIODE BIAS
DETECTOR /

HIGH VOLTAGE INDUCTOR

SIGNAL OUT

TUNNEL DIODE
~"(GE T.D. 403)

HIGH VOLTAGE
DISC CAPACITOR

- RF. BELLOWS

AVALANCHE
DETECTOR

Fig. 3. Detail of avalanche detector tunnel diode cavity.
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into o voltage pulse across the junction capacitances
of the deteaor and el diode "The particula
el diode used s selected o have a capaciance
that s approxuaely 109 of the capacitance pre
sented by the avalimche detector depletion region

m this case, | pl
dhode as a sensing clement “stores™ only 109% ol the
induced chinge colleaed m the depletion region.
The resulting voluage pulse across the tunnel diode

A these condimions the nnel

junction is safhcient 1o migger the cireuit. The
sensitivity of the circnn is typically s measured
copernnentdiy) 1o e

ot s cncuit (which include a single,
vathe s badod, transistor line-driving stage fol-
lowiiy, the tannel diode) have demonstrated what
we behiove wo be amigue capabilities as follows. "Uhe
sensitivity s such that even soft x rays (10 1.49 keV
o1 10 A wavelength) are detectable. "The aluminum
luorescence x ray (LA9 keV corresponding 1o a
pulse of 100 elections introduced into the avalanche
detecion) has heen deteaed with an efhiciency greater

Pictoan .

than the 129% value ol a gas proportional counter
with 2-mm beryllinm catrance window: A factor in
derection efliciency is the entrance window (o1
dead Liver)y ol ahe avalanche device. "This value
then does not iply o circaitry himitation. ‘Fins de
tection is accomplished e kiboratory temperature
and lighting condimons without background counts.
Beyond these conditions, it is possible to rase the
detector leikage corrent toa level of 100 pA by, tor
example, duecting a visible light sowrce into the
avalanche detecion tace without impairing counting
elhiaency o mroduncing background connts. Aher-
natively, the enme detedtor crcuit can be vised
to the vicinuy 75°C
the avalancbe doviee of 08 A —-again without -
paiting couning clliiiency or introducing back
ground counts

he time oi response between the imitial torma
tion of hree clectrons i the avalanche detector by
an ionizaton event and the detection ol this evem
by the acine dlewne it the tinnel diode) can be made
1o be dess than the ol collection time ol the i
duced chinge hom the movement ol these free
clectrons. This s accomplished by the adjustable
chivge tdueshold capability of the tunnel diode. As
the thieshold is made 1o bea smaller pereentage of
the total colleared charge, the response time or delay
time is reduced

In attempimg o deduce the waveform ol the
probable avalanche deteaor pulse rvise (in argo-
ments similan to those presented by Tove and Falk?)
one can concliude that the waveform is probably
logarithmic in slupe vather than exponential as in
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the nonavalanche case. "This would appear to be a
very useful wavetorm for high speed timing ap-
plications in nudclear physics. We propose this as a
porentially useful application of this detection con-
cept, but have made no particular measurements
in this arca.

The small tunnel diode and distributed circuit
capacitance has another inmeresting consequence.
For example, the series contact impedance of the
avalanche detector is not as critical in this circuit
as it is in sensing circuits that have high input capaci-
tance. ‘The series resistance acts as a current limiter
in the charge transter process between the collected

APPLIED PHYSICS LETTERS

charge in the avalanche detector and the required
charge integration in the winnel diode junction to
voltage control the switching action of the tunnel
diode. Hence, the lower the circuit capacitance, the
less ellect the avalinche detector series resistance
has in limiting the voltage rise in the charge-sensing
tunnel diode junction,

'Developed under Atlomic Energy Commission Contract A'l
(30-1) 3246,

GG Huth, | B Tice and R A, McKinney, Rev. Sci. Instr,
85, 1220 (1964).

. AL Tove and K. Falk, Nucl. Instr. and Meth. 29, 66 (1964).
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