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. ABSTRACT

A quartz fiber electrometer dosimeter system has been designed,
developed, and tested to demonstrate the applicability of small
dosimeters of the Neher type for use as spaée qualified instruments.
The electrometer consists of a quartz rod 30 mm long and 3 mm in
diameter partially coated with Au, and a 10 micron diameter quartz
fiber coated with Signa-Kote to a resistance between 0.25 and 1.5
megohm/cm. The tissue equivalent ionization chamber has a volume of
9 cc, is filled with 1 atﬁ. of ethylene, and consists of the automatic
recycling guartz fiber electrometer inside a 112 mg/cm2 Signa-Kote
coated Delrin electrode and a 103 mg/cm2 Al case. Eight design
verification units with various electrometer properties were tested
to determine their operating characteristics. The optimum operating
voltage for these dosimeters ranged from 30 to 100 volts. The
dosimeters were calibrated using 60Co at several dose rates extending
over 5 orders of magnitude and the response was quite good. The
temperature effects on the units, investigated over intervals as
large as 220°F (i.e., =40 to +180), do not present any cause for
concern. OSimulated mission vibration and shock testing did not alter
the detection characteristics of the unit tested. Additional tests
concerning orientation in gravity fields and gas leakage were also
generally satisfactory. The work was performed for the Manned Space-
craft Center, National Aeronautics and Space Administration, Houston,

Texas under Contract No., NAS 9-8752.
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I.

1.1 Background Information

INTRODUCTION

Before dealing directly with the quartz fiber electrometer

dosimeter system, it is of interest to consider some supporting in-

formation.

detection and dosimetry for more than 3 decades.

1.1.1

History of the Use of Quartz Fibers in Radiation Dosimetry

Quartz fibers have been used in instruments for radiation

uses are presented in Table 1-1,

Table 1-1 Use of Quartz Fibers in Radiation Detection

and Dosimetry

Several of these

Year Investigator(s) Instrument ﬁzf’
1937 | C. C. and Thomas pocket chamber type with scale 1
Lauritsen viewed through eyepiece
1953 { H. V. Neher automatic recharging ioniza- 2
tion chamber
1956 | H. V. Neher and modified automatic recharging 3
Alan R. Johnston ionization chamber
1961 | H. V. Neher variable sensitivity automatic 4
recharging ionization chamber
1964 | Rolf Hosemann and self-powered gamma ray dosi- 5
Harold F.H. Warrikhoff | meter
1967 | R. J. Adams high pressure proportional 6
counter




There exists in the literature additional work describing

(7) (8)

techniques of construction and application of some of the
instruments mentioned in Table 1-1.

1.1.2 Another Application of Quartz Fibers

There are many areas of science in which the use of quartz fibers
has led to the development of excellent instruments. One of these
areas 1is the accurate weighing of objects with extremely small masses.
In 1948, Kirk and Schaffer(g) constructed quartz fiber helical balances
in connection with their biological studies. Their design was im-

(10) in 1953, These balances were

(

proved upon by Drew and Ernsberger
very good, but in 1969 Hemenway and Patashnick 11) developed a new and
much more sensitive microbalance. In connection with micrometeorite
research, they produced an instrument that will directly measure
masses in the range 1072 - 10-11 grams and, with modification, will

provide even greater sensitivity.

1.1.3 Working with Quartz Fibers

Building instruments utilizing quartz fibers requires knowledge
of the properties and behavior of quartz as well as experience with
the physical manipulation of it. There exist problems, such as the
consistent pulling of very small diameter fibers and the preserva-
tion of these fibers once they are obtained, which may not have
obvious solutions to the observer. There is no substitute for
experience in areas like these, but a study of proven methods and

techniques is valuable. Properties of quartz, procedures for working




working with it, its cleaning, care, and preservation have been

(12) k.(lB)

discussed in the literature by Neher and by Craig and Kir

1.1.4 Application to Space Radiation Dosimetry

In 1965, a commercially obtained quartz fiber electrometer (QFL)
assemply* was evaluated(l4) by GDFW to determine its applicability for
use in a small, lightweight, integrating dosimeter system operating on
the principle of Neher's instrument.(z) That investigation revealed
that many problems exist with a system of the desired type. Some of
these problems involve sensitivity, reproductibility, temperature and
vibration stabiiity, and the erratic recharging of the coated gquartz
rod anode. In spite of the problems involved, it was indicated that
the concept should be worth trying in a dosimeter for manned space

flight.

1.2 Nature and Objectives of the Present Task

The Fort Worth Division of General Dynamics Corporation per-
formed the work under Contract NAS 9-~8752,

1.2.1 General Scope of the Effort

The purpose of this work was to design, construct, and evaluate
a small automatic recycling QFE dosimeter and to define its applicability
for use as a space qualified instrument. The work is recognized as

preliminary, but it is a vital step forward in the evolution of a

*The assemblies were obtained from Electro=-Optical Systems, Inc.,
Pasadena, California. EOS no longer manufactures or markets
electrometer assemblies of the type tested.




first-line QFE dosimeter system.

1.2.2 Details of the Effort

The statement of the general scope of the work is broad, there-
fore, clarifying detail is presented in the following discussion.

1.2.2.1 The Dosimeter

(2)

The dosimeter is to be an instrument of the Neher type.
The requirement that it be lightweight and small means that the
entire dosimeter must be much smaller than Neher's instruments
and, consequently, the QFE assemblies must be much smaller than those

tested by GDFW(14)

in 1965. This also differs from the 1965 effort,
which evaluated only the QFE assembly, in that a tissue-equivalent
ionization chamber operating on the Bragg-Gray principle must house

the QFE assembly.

1.2.2.2 The Evaluation Tests

These tests are designed specifically to determine whether or
not the dosimeter is qualified for space flight. They include
determining the dosimeter response at various dose rates and tempera-
tures using various sources as well as performing mission vibration
simulation and shock tests.

Calibration and testing with alpha, beta, gamma, and proton
radiation will necessarily be performed on space qualified QFE
dosimeter systems developed using the experience gained during this
work, but the evaluation tests described herein include only those

using gamma sources.




IT. THEORETICAL CONSIDERATIONS

Theoretical considerations are vital to any scientific endeavor.
They give direction to experiment and serve as a basis from which to
better understand the phenomena being observed. The development of
relationships pertaining to the QFE assembly as well as the QFE
dosimeter system are presented in this Section.

In order that those unfamiliar with instruments of this type might
be able to follow throughlthe ensuing discussion, the operation of the
OFE dosimeters is briefly explained. A quartz fiber and a quartz rod
are both coated so as to be electrically conducting and placed within
a tissue equivalent ionization chamber (TEIC). The fiber is placed in
tension against the rod. When voltage is applied to the fiber, the
assembly is charged and the fiber is repelled from the rod by the
Coulomb repulsive force. As the charge on the rod is reduced by the
radiation, the tension in the fiber returns it to the rod and the cycle
is repeated. The pulse created during each cycle will be the indication
that a predetermined amount of radiation has been absorbed in the walls
of the TEIC,

The QFE action may take place in a manner different from that just
described. Consider a coated quartz fiber placed a very small distance
away from a coated quartz rod. A voltage is applied to the fiber from
a battery, the other side of which is connected to the ionization
chamber case. The rod, acting as the anode, collects charge as the

chamber gas is ionized. When enough charge of opposite sign to the

5




fiber charged is collected, the fiber will move under the Coulomb
attractive force, recharge the rod, and return to its position

away from the rod. The cycle is then repeated. This method is re-
ferred to as the NC (for fiber Not originally in Contact with the rod)
method. The theoretical considerations presented herein will deal
directly with the "regular" method described first, but the results
are applicable to both types of QFE units.

2.1 TForce and Deflection Calculations for the QFE Assembly

The equations and calculations for the Coulomb force between the
coated rod and fiber as well as for the resulting fiber deflection are
derived and presented in the subsequent discussion.

2.1.1 Earth Gravity Force on Fiber

The gravity force on the quartz fiber is calculated below:
Fg = gravity force on quartz fiber, dynes

m = mass of the fiber, grams

L = fiber length, cm

df = fiber diameter, cm

p = fiber density = 2.2 grams/cc

g = acceleration of gravity = 980.665 cm/sec2

P = mg =mfde )2
Fg mg w<§£) Lpg. (1)

When the known values are used, Equation 1 becomes




S 2
Pg 1694.4 df L. (2)

This force as a function of L for various diameters is shown in
Figure 2-1.

2.1.2 Repulsion Force Between Rod and Fiber

It is of interest to make an approximate calculation of the
repulsion force between the fiber and thé rod of the QFE units.
Following the definitions and Figure 2-2, that calculation is shown.

F, = Coulomb repulsive force, dynes

o = #coulbmbs/cm on fiber

A = #coulombs on rod

L. = length of electrical conductor coated portion of guartz rod, cm

y = rod radius, cm

r, x, ¢, d = lengths, cm (refer to Figure 2-2)

=
it

fiber length = ¢ + d, cm

Gauss' law may be written as

EA = _Q (3)

€o

where E is the electrical field, A the area of concern, Q the charge,
and €, the proportionality constant. The surface area of the cylin-

drical portion of interest at radius r is

A= ZTTrLe. (4)
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Combining Equations 3 and 4 and using the definitions above, the

following equation is obtained.

E(r) = Q = A (5)
GOA 27reOrLe

In general, the force on a charged body placed in the field

described by Lquation 5 is given by

Fr = J/.E(r) dg - (6)

where dq is the differential charge on the body. In our problem,
dq is the differential charge on the conducting fiber and may be

written as

dq = o dx. (7)

Using Equations 5 and 7, 6 becomes

F. = Ao / dx

X

2

where r° = x2+y2. Using €, = 8.87 (10—17) and inserting the

integration limits, Equation 8 becomes

_ 14y or [ /€ d
F. = 17.98(10%%) O‘L f di — + / dx (9)
2
e\ x%y?) g (xZy2)1/2 ]

10




After performing the indicated integration, Equation (9) becomes

F, = 17.98(101%) oA ( 1n [c + \’c2+y2} + ln[ d +\/d2+y2:, (10)
L N
(S

y

which is the approximate expression for the Coulomb repulsive force
between the rod and the fiber.

2.1.3 Moment of Inertia

The moment of inertia of a circular cross section of a rod is

I = 7r (11)

about the axis passing through the center of gravity of the rod.

Jhen the quartz fiber is considered, Equation 11 becomes

4
7mdg ot (12)

64
where df is the fiber diameter.

2.1.4 Young's Modulus for Small Diameter Quartz Fibers

A least squares curve fit was performed on available data and
an equation for Young's modulus was determined for small diameter
quartz fibers. The fitted curve, shown in Figure 2-3, 1is given by

Y =7 (1011) + 13 (107) dynes/cm?

. (13)
de

2.1.5 Deflection of the Fiber

The deflection of the fiber away from the rod may be calculated

by solving the basic equation

11
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a?s (14)

where s is the displacement of the fiber from its original position,
in cm, and My is the bending moment. Y and I have previously been

defined., It is assumed that the repulsive force, F acts at the

r'

center of mass. The system is shown in Figure 2-4.

From consideration of the free body diagram, it is seen that

P, = Fr (15)
and
Ma = - FrE. (16)
2
Then, for 0=x < L,
2
M, = —Fr% + Frx = Fr(x - L/2). (17)
For L =X = L,
2
My = —Fr% + Fox = Fr(x - L/2) = 0. (18)

Equation 14 must thus be solved for the two values of M, as defined by
Equations 17 and 18. They are written as LEquations 19 and 22 and are

solved below.

L a2s
0sx<3 YI=— = F, (I/2-x) (19)
dx
x=0; s =395 =0p
dx

13
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The force, F o,

the fiber in a radial direction.

is said to act at the center of mass (cm) of

YI = = e I, = X
dx 2 ( )
F 2
s=_t [ L-x
2YI 2 3
2
YIg——-:SZ-=O
dx

ds ds
Eg. 21 —_— = =
S(q )ldx ax
2
F_L
YI(}E = r
dx 8
FrL2
s = x - L/6
5 T ( /6)

(20)

(21)

(22)

(23)

(24)

The displacement in the y direc-

tion (see Figure 2-2) is caused by the component of F,. in that direc-

tion, i.e., F_. F
¥ 14 y y

where

and

is given by

Fy = Fp (Y/%) o

2 2
Tem = chm Ty

S R
Xom = E(C d)

15

(25)

(26)

(27)




Using the above, Equations 21 and 24 become

s = FYX2 (L/2 - x/3), O<xsL/2 (28)
2 YI ! -0
and ,
s = FYL (x - L/6), L/2<x=<L., (29)
8 YI

2.1.6 Computation Results

Computations made utilizing the relationships developed in the
preceding 5 portions are shown here.

2.1.6.,1 TForce Calculations

One of the requirements for successful operation of the QFE in
various gravitational fields is that the repulsive force between the
rod and fiber be greater than the force of gravity on the fiber. It
is assumed that the earth's field will be the largest in which sus-
tained operation will be required. Figure 2-5 shows the relative size
of these forces for various sized fibers.

The repulsive force itself is very dependent on the amount of
charge on the rod and the charge per unit length on the fiber. This
force is plotted against the charge product in Figure 2-6 for two rod
sizes, The larger rod shows a smaller force of repulsion for the
same charge due to the fact that the average distance between the
concentrations of charge is greater.

2.1.6.2 Deflection Calculations

The displacement of the fiber from its original position is

shown in Figure 2-7 for two fibers of different diameter subjected

16




to the same force. Figure 2=8 shows the displacement of 10 micron

diameter fibers subjected to various forces.

17
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2.2 QFE Dosimeter Recycling and Sensitivity Relationships

The QFE dosimeter operates utilizing the Bragg-Gray principle

because of its size, nearness to electronic equilibrium, and the

similarity of composition of the medium and the gas.

Because it

operates by the Bragg-Gray principle, many pertinent relationships

may be derived.

quantities are defined.

2.2.1 Definitions

E

These relationships are presented after the

tev/unit mass of medium absorbed by the medium

Sm/Sg = mass stopping power ratio of medium to gas

fion pairs/unit mass of gas
#ev/ion pair of gas
absorbed dose, rads

mass of gas, grams

collection efficiency

#coulombs collected on rod per rad dose

total charge on QFE when fully charged, coulombs

capacitance of QFE chamber, farads

charge on QFE when recycle occurs, coulombs

battery voltage, volts
recycle voltage, volts
sensitivity, amps/rad/hr
pressure, mm Hg {i.e. Torr)

volume of chamber, cm3

22




R = gas constant, 0.0821 l-atom/mol-deg

T = temperature, °K
n = #moles of gas in chamber
M = molecular weight of gas, grams

2.2.2 Derivations

The Bragg-Gray theory says that

E = pJw. (30)
The absorbed doée may then be expressed as
D = 1.602 (10”14 E = 1.602 (1071%) paw (31)
after converting ev to ergs and remembering 1 rad = 100 erg/gram.
Equation 31 may be modified to read
13
Jmf _ 6.25 (1077) mf (32)
D wp
which is the number of charges collected on the rod per rad dose.
From Equation 32, one obtains
B = 107° mf . (33)
wp
It is obvious that
Qo = Qg = CV4 (1-a ). (34)
Using Equation 34 in 33, one obtains
CVg, (L -a) = BD = 1072 mfD (35)
wp

23




which must be satisfied if the recycling is to be done at a dose of

D rads,

The sensitivity may be calculated as

s=_B = 2.78(1077) mf . (36)
3600 wp

2.2.2.2 Ideal Gas Law

The above equations may be modified by use of the ideal gas law,

that is,
m=nM= 1,602 (107°) BMV (37)
T
Using Equation 37, 35 and 36 become

eV, (1 -a) = 1.602 (10710) EMVED (38)
Twp

and

14) PMVE . (39)

S = 4.454 (10
Twp

2.2.2.3 Use of Delrin and Ethylene

The QFE dosimeters developed in this work use Delrin walls and
ethylene gas to render them tissue equivalent. That this combination
will cause the dosimeters to be tissue equivalent is shown in
Appendix A.

The recycling and sensitivity relationships developed above may
be further modified due to this specification of the construction
materials. The use of ethylene gas allows taking M = 28.05 and
w = 26,2, The use of a Delrin medium leads to the value of p= 0.904,

(see Appendix B.)
24




When applied to the equations resulting from the Bragg-Gray

theory, the specified numbers modify them to be

CV, (1 -a) = 4.22 (1077) mfD (40)
and

S = 1.174 (10~10y mf, (41)

When applied to the equations resulting from the ideal gas law and

the Bragg-Gray theory, the expressions become

eV, (1 -a) = 1.897 (10710) pvep (42)
T
and
s = 5.275 (10”1%) pve . (43)
: T

2.2.2.4 Graphical Results

The derived relationships for the recycling condition and the
sensitivity (i.e. Equations 42 and 43) when the materials are specified
and the ideal gas law is used in conjunction with the Bragg-Gray theory
are, of course, only approximations. These approximations may, however,
be used to predict definite performance trends for the QFE dosimeters.
Figures 2-9 and 2-10 demonstrate for visual perusal the inter-
relationships between the relevant variables for reasonable values of

the variables.

25
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III. DESIGN, DEVELOPMENT, AND CONSTRUCTION

The QFE dosimeters were designed, developed, and constructed
following the two basic guidelines:

A. The QFE assembly is to be of the type originally described
by Neher.(z)

B. The QFE dosimeter is to be small and tissue-equivalent.

3.1 The QFE Assembly

3.1.1 Development of Essential Capability

The primary difficulty, according to several companies contacted,

involved in building the QFE is obtaining uniform quartz fibers of
small diameter (i.e. the order of 10 microns). A GDFW technician,
after instruction from an experienced quartz-workman*, is able to
consisténtly obtain the desired fibers. The method used to do this

(12)

is essentially the one described by Neher utilizing the force of
the flame to elongate the thin fibers.

3.1.2 Evolution of the QFE Assembly

The QFE did not, of course, assume their final designed form
until after a substantial amount of experimental work had been done.
The purpose of the following discussion is to briefly trace the
progress of the QFE to the point where their use inside the TEIC

became feasible.

*Dave Holcombe, General Electrodynamics Corporation, 4430 Forest Lane,

Garland, Texas 75040
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3.1.2.1 Description of Assemblies Tested

3.1.2.1.1 Size. The approximate size of the QFE assemblies was
determined by the desire to keep the dosimeters small (i.e.~ 5-15cc).
The quértz fiber diameter was fairly early determined to be about 10
microns both from the examination of previous work(2'4) and from the
theoretical deflection calculations presented in the preceding

Section. The range of sizes investigated is indicated in Table 3-1.

Table 3-1 Range of QFE Sizes Investigated
Item Symbol Size Range QFE Schematic
Rod Length a 24 - 42 mm k a #{
Rod Diameter b 2 - 6,35 mm <— d 7{
S
Fiber Length c 7 - 14 mm b
- Quartz Coated to
be Electrically
Fiber Diameter d ~ 5 = 15 microns Conducting
E:]- Bare Quartz

3.1.2.1.2 Conductive Coatings. Neher (2) utilized Aquadag (i.e.
colloidal graphite) to coat the quartz rods and gold to coat the fibers.
He also indicated that a gold rod and a gold fiber combination produce
cohesive forces so great that the fiber will not always fly away.
Neher(4) later produced an instrument that utilized Aquadag for all

conductive surfaces.
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The éonductive coatings tested on the QFE assemblies include all
combinations of gold and Signa=-Kote*. Signa-Kote is essentially the
same as Aquadag, but is more conveniently sprayed and may be purchased
ready for use.

The various combinations of conductive coatings tested are shown
in Table 3-2 along with their respective resistance readings. The
resistance for the NC type units (fiber originally away from rod) is
that taken when the fiber makes contact with the rod. The resistance
of the entire unit is, however, essentially that of the coated quartz
fiber.

Table 3-2 Summary of Conductive Coatings and
Registance Values for All Units Constructed

. ) Resistance, K@ Measuring the
Rod/Fiber Coating Low High Average Resistance
Signa-Kote/Gold

0.034 110 12.8 Resistance

G/G

s/s C ;;;7;777)

145 112,000 1,530
G/S

*Signa=-Kote is a product of Mealey Grease and 0il Co., 17509 So.
Miles Road, Cleveland, Ohio 44128. It appears to be a finely
divided graphite suspended in a chlorinated hydrocarbon such as
carbon tetrachloride, trichloroethylene, parachloroethylene, or

a mixture of these. Upon evaporation of the carrier, a dry coating
is deposited.
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3.1;2.1.3 Rod Shape. Traditionally, the coated quartz rods
have been cylindrical in shape. The assemblies tested were generally
of this traditional cylindrical shape, but several assemblies had a
flattened portion along the rod where the fiber made contact. This
flattened "side" allows greater forces to be developed because the
charges on the rod and on the fibers are nearer one another than in
the plain cylindrical shape.

3.1.2.1.4 Photograph of Some Test Assemblies. A photograph of

four types of QFE assemblies tested is shown as Figure 3-1. The

right hand wire on each assembly is for out-of-chamber testing
purposes and is not present when the units are inserted in ionization
chambers. It should be noted that these units were among the earliest
ones built and are somewhat rough in appearance. A brief description
of the units in the photograph is presented in‘Table 3=-3 moving clock-

wise from the upper right hand assembly.

Table 3-3 Description of QFE in Figure 3-1
Rod/Fiber Flat Resistance, Rod Rod Fiber Fiber
Coating Side? ohms Length, |Diameter, |Length,|Diameter,
mm mm mm microns
Gold/Gold Yes 1,500 24 4 8 10
Signa=Kote/G No 6,700 28 3 10 10
G/G o No 1,000 25 3 10 10
S/S ' Yes ‘350,000 28 4 11 10
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Figure 3-1 Various QFE Test Assemblies




3.1.2.2 QFE Development Tests

The apparatus utilized in the development testing of the QFL is
designed to be versatile. It is simple and uncluttered for the gross
testing to determine whether or not the units will operate, but is
easily modified to examine pulse shapes when required. The reader is
requested to remember that this particular discussion is limited to
the development of the recycling QFE assembly itself and it is not
mounted in the TEIC to form the complete dosimeter.

3.1.2.2.1 Test for Recycling Operation. The schematic for the

gross recycling test circuitry is shown in Figure 3-2, This testing
was done with a negative voltage on the fiber in order to allow
simulation of the radiation. When the 610C is set on 10" ohms,
it furnishes a 10~ ™ amp current and displays the voltage on its meter.
When thé QFE operates properly, the following sequence occurs: the
voltage is applied to the fiber, the rod and fiber are charged up, the
fiber flies away from the rod, the charge on the rod is drained
(neutralized) by the 610C current, the fiber returns to the rod, and
the cycle is repeated. The voltage at which the fiber flies away as
well as that to which the rod falls before the fiber returns may be
determined by simply observing the 610C meter.

Figure 3-3 is a photograph of the basic test assembly. Several
of the QFE are in the desiccant jar on the clean bench. The Cu
sheet attached to the breadboard forms the central portion of the test

assembly. The bare quartz portion of the QFE is inserted in a cork
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Figure 3-2 Schematic for Gross Recycling Tests
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which in turn is held in place by the curved Cu sheet. The alligator
clips mounted on the jar lid in front of the 610C proved convenient
by holding the QFE by the lead wires while making the experimental
arrangements.

3.1.2.2.2 Tests for Pulse Characteristics. The pulse

characteristics of the QFE may be determined with the circuit whose
schematic is shown in Figure 3-4a. This circuit, in relationship to

the Cu sheet/breadboard combination is shown in Figure 3-4b. Results

of tests conducted in this manner influenced the design of the amplifier
for use with the complete QFLE dosimeter. A complete electronics
discussion is presented in Chapter 4.

3.1.2,3 The Optimum QFE

The optimum QFE was selected on the basis of the performance of
all the units tested in the manner already described. The particular
characteristics that were found on the most successful units were in-
corporated to define the optimum unit. The optimum parameter deter-
mination was undertaken after 22 QFE had been made to recycle. These
parameters were determined by examination of the data presented in
Table 3-4., A sketch of the optimum QFE with the pertinent parameters
shown is presented as Figure 3-5,

After determining the optimum characteristics, the QFE were all
constructed with those characteristics in the manner described in

the following discussion.
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Figure 3-4 Circuitry for QFE Pulse Characteristic Test
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1.

Table 3-4

Data for Optimum Parameter Determination

Rod/Fiber Coating

Variabl # Units with # Tests of # Recycle % of tests
ariabl€ | ihat property | that property tests that recycled
s/G* 2 36 7 19.4
S/S 4 25 8 32,0
G/G 6 132 37 28.0
G/S 10 47 29 61.7°
Totals 22 240 81 33.8
Rod Diameter (mm)
2 1 23 1 4.3
3 7 55 28 50,92
4 6 104 26 25.0
6.35 8 58 26 44,8
Totals 22 240 81 33.8
Rod Length (mm)
24-26 4 94 24 25.5
28 4 33 10 30.3
© 30 10 47 32 68,12
32=42 4 66 15 22,7
Totals 22 240 81 33.8
Flat Side (yes or no)
Yes 12 118 55 46.6%
No 10 122 26 21.3
Totals 22 240 81 33.8
Resistance (megohms) = units with gold rod, Signa-Koted fiber
<.145 0 0 0 0
«145=-,24 1 5 1 20
. 25-1,5 7 35 21 60213
1.51-2.7 1 3 3 100
> 2,7 0 0 0 0
; S denotes Signa-Kote, G denotes gold.

Denotes

% defining the optimum variable.
3 The performance of the units in recycling, independent
of the percentage of recycle tests, was best in this range.

38




® Rod Coating - Gold
® Fiber Coating - Signa-Kote
@ Rod Length - 30 mm

® Rod Diameter = 3 mm

® Rod Peculiarities - Partially flattened side for better
fiber contact

@ Resistance - 0.25 - 1,5 Megohoms (Measured A to B)

= Uncoated Quartz QFE SKETCH IS DOUBLE ACTUAL SIZE

/// - Gold Coated Quartz

Signa-Kote coated 10 micron
quartz fiber

Wire to I
battery l 6.35 |

5mm 3mm
: max.

8 | Qompyebyeyneyuayony B
" TZZI7
10mm l

et 30MM e

Partially flattened
side for better fiber contact

Figure 3-5 The Optimum QFE Parameters

39




3.1.2.4 Construction Procedure

Many procedures were attempted before settling on the ones used
for construction of the QFE with optimum parameters. Cleanliness is
very important to the success of the QFE and the materials from which
the units are made are carefully cleaned and handled. The assembly
work is done on a clean bench and the units not in use are stored in
a clean, dry environmental jar.

The thin gold coating of the quartz rod is accomplished using
the equipment shown in Figure 3-6. Approximately 1 gram of gold is
placed in a tungsten boat between the electrodes. The QFE are
attached by their lead wires to the gears above the electrodes. The
system is evacuated to about 10“5 Torr, the gears are rotated so as
to allow uniform coating of the units, and current is applied to the

boat through the electrodes to evaporate the gold onto the QFE.
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Figure 3-6 Equipment for Gold Coating the Quariz
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The quartz fibers are spray coated with Signa-Kote while spinning
rapidly in a lathe. It is hoped that the spinning action will allow
a fairly uniform coating to be obtained. The coating is continued
until resistances in the neighborhood of 0.25 - 1.5 MQ/cm are obtained.

The complete procedure for the construction and care of the
assemblies is outlined and presented as Figure 3-7,
3.2 The TEIC

The basic idea behind the construction of a tissue equivalent
ionization chamber (TEIC) is to measure the so-called "tissue-rad,"
that is, 100 ergs/gram absorbed in human muscle tissue. The chamber
materials and design must be carefully selected in order to meet this
requirement,

3.2.1 Materials Selection

The ionization chamber designed to house the QFE assembly is
tissue equivalent by virtue of having Delrin walls and being filled
with ethylene gas (1 atm. pressure is used to minimize leakage
problems), It is shown in Appendix A that this combination does
indeed allow the construction of the TEIC.

The materials other than Delrin and ethylene used in the QFE
dosimeter are quartz and aluminum., The quartz forms the detection
element while the aluminum forms the cover and backplate of the
completed unit. The 6061 aluminum was selected because of already
being NASA approved as well as being readily available. Physical

properties of quartz and aluminum as well as those of Delrin and
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CLEAN THE GOLD

® Acetone

e Rinse - distilled
water

e Nitric acid

@ Rinse - distilled
water

e Bake out

PULL FIBERS

e Do only when
ready to coat

@ Clean quartz
first

&=

SIGNA-KOTE FIBERS

® Spray on
Signa-Kote
to desired
resistance

~gp

GOLD COATING

® Evaporate
gold on units
- use about 1
gram in W boat

-

PREPARE INSULATOR

® Remove
masking and
clean insu-
lator portion

-

ATTACH FIBERS

e Attach fibers to support
rod by use of Signa-Kote

CONSTRUCT THE BASIC QFE

@ Wipe quartz clean with acetone

@ Heat quartz fo just below
softening point to reduce
charge "soak-in"

@ Construct basic unit of main
rod, fiber suppori rod,
flatten side

CLEAN THE QFE UNITS

@ Acefone fo cut grease

@ Rinse in distilled water

@ Clean in nitric acid (this
oxidizing agent removes ab-
sorbed organic matter)

@ Rinse in distilled water

® Bake out in vacuum oven

ATTACH WIRES AND MASK OFF

e Attach wires with Torr-Seal
(handle only by portion to be
used as insulator)

@ Let connections dry
e Mask off the insulator

portion

@ Clean unit again as needed

(careful on heat - Torr-Seal
melts af 120°C)

STORAGE

@ Store the completed units in a
clean, dry container {use
drying agent such as silica gel)

Figure 3-7 QFE Construction Procedure
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ethylene are presented in Appendix C.

3.2.2 Chamber Characteristics

The chamber characteristics are shown in Table 3-5 and briefly
discussed below.

The chamber size is approximately determined by the size of
the QFE assembly. The chamber must provide adequate clearance for
the QFE at the end as well as all around.

The thickness of the wall formed by the Al cover and the Delrin
electrode is determined by the requirement that the electrons reaching
the gas volume be essentially those "knocked out" of the Delrin when
the dosimeter is subjected to a gamma field.

3.3 The Complete QFE Dosimeter

The complete QFE dosimeter assembly which, without the gas
fill tube, weighs approximately 23 grams is shown in Figure 3-8.
The exploded view of the dosimeter includes the following items
from right to left: Al cover, Delrin electrode partially coated
with Signa-Kote and the Cu piece to assure good contact with the
Al, QFE, Delrin support, signal contact, indium seal, chamber

backplate with feedthrough and gas £ill tube, and chamber screws.
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Table

3-5

Chamber Characteristics

— Del

rin Support (Un-

coated)
Delrin Elec-

trode (Inside
coated with
Signa-Kote)

b

QFE
F%———— 1

Al Cover

50—

Signa-Kote Coat=-
ed Delrin Elec=
trode

Rap < 20,000 ohms

The volume of
the chamber
(less the
volume of the
QFE and the
Delrin) is
about

9cc(0.551n.3

)

Wall Thickness, Wall Thickness, | Wall Thickness,
Material cm mils g/cm2
Al 0.0381 15.0 0,103
Delrin 0.0800 31.5 0,112
Totals 0.1181 46,5 0.215
Minimum Energy Particle to
Particle Symbol Completely Penetrate Al and Delrin
Beta B ~ 0,62 Mev
Proton P ~ 11,6 Mev
Alpha a ~ 46,4 Mev
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IV. ELECTRONICS

The purpose of this discussion is to show how the experimental
data was taken and fo describe the relevant circuitry and electronic
components. The output of a further developed QFL dosimeter would
probabily be on a visual digital display (e.g. electroluminescent)
updated by the successive pulses from the dosimeter and with each
pulse signifying that a predetermined dose had been absorbed. The
present assembly furnishes the same type pulses observed in various
radiation fields. Knowing the time between pulses and the dose rate
allows one to calculate the dose absorbed corresponding to a pulse.
The instrument may thus be calibrated and be a useful radiation
dosimeter. The electronics described below allow the necessary data
to be taken,

4,1 The Complete Electronics System

The operation of the complete electronics system used in the
acquisition of the data is explained with reference to Figure 4-1.
The QFE is charged via the Keithley power supply and the fiber is
repelled from the rod. As the radiation leads to the ionization
of the ethylene gas and as the ions are collected, the charge on
the rod is neutralized thus allowing the fiber to again approach
the rod., When the charge on the rod becomes so small that the
Coulomb force can no longer keep the fiber away, the fiber makes
contact with the rod and a pulse is developed as the QFE is re-

charged. This pulse is amplified and used to turn on the Canberra
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KEITHLEY 246 HIGH
VOLTAGE SUPPLY 30-100 volts

L
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Master [ Master £

P

Slave %)

4

CANBERRA 1494
TIMER

Figure 4-1 Schematic of the Complete Electronics System
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timer. The next pulse, or any succeeding one, may be used to turn
off the timer. The time for any number of pulses to occur may thus
be obtained. Knowing the dose rate from the radiation source allows
the calculation of the absorbed dose necessary to cause a pulse and,
conséquently, the calibration of the QFE dosimeter.

4,1.1 QFE Dosimeter Details

The QFE dosimeter has an extremely small capacitance. The results
of measurements made from the feedthrough pin to the chamber backplate

with a Tektronix Type 130 L=-C meter are presented in Table 4-1,

Table 4-1 Capacitance Measurements
Unit Capacitance, pf
3 2.0
5 2.3
Average = 2,3pf
6% 2,2
8 2.7

The charge transfer per pulse is calculated to be approximately
3.5(10—11) coulombs when 15 volts is taken to be a typical value of
the potential difference between the fiber and the rod just prior to
recycling. It is recognized that the above figure is very rough
(and probably high) since the capacitance of the backplate, feed-
through, etc. are included with that of the QFE chamber in the

measured values.

*Denotes NC-type unit described in Section II
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4.1.2 Amplifier Details

The pulse available for amplification is very dependent on the
output capacitance cf the dosimeter unit. Referring to Figure 4-2,
this capacitance is seen to essentially be the series combination
of the two 1500 pf capacitators, that is, 750 pf. The input voltage
to the amplifier is then calculated to be approximately 50 mv if the
values from 4.1.1 are used.

The response of the amplifier itself was tested using an
Intercontinental Instrument Model PG-2 pulse generator and a Tektronix
oscilloscope. All the testing was done with +15 volts applied to the
amplifier circuit, an input signal frequency of 10 Hz, and a pulse
width of 20 usec. The results of the tests are shown graphically

in Figure 4-3,
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Figure 4-2 Electronics Detail of the QFE Dosimeter and
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V. DOSIMETER CHARACTERISTICS

The results of the testing of eight QFE dosimeter systems are
presented in this Séction in both graphical and tabular form. The
dosimeters, each filled with ethylene to a pressure of 760 Torr, are
numbered from 1 to 8 and are of the "regular" type unless the number
is followed by an asterisk which denotes the dosimeter as being of

the NC-type discussed in Section II.

5.1 Saturation Voltage

Saturation curves were obtained for the dosimeters using the
c-367 137cs source. This source, along with the others used in the
experimental work, is described in Appendix D. Saturation data was
taken in order to determine the voltage at which to operate the
individual dosimeters. The saturation curves are shown in Figures
5-1 and 5-2, The operating voltages determined from these curves

are listed in Table 5-1.

Table 5-1 Dosimeter Operating Voltage
Unit Number ' 1 I?_ 3 l 4 l 5 l 6% | 7% | 8 I
Operating Voltage , 50 ,80 , 30 ' 50 ‘ 60 l 30 llOO l 50 ’

5.2 Orientation

The saturation curves were determined with the dosimeter fibers
approximately in the vertical position and being neither aided nor

hindered by the earth's gravitational field. Even though advanced
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Figure 5-1 Saturation Curves for Dosimeters 1,3,6" and 7*
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Figure 5-2 Saturation Curves for Dosimeters 2,4,5, and 8
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dosimeter units of the QFE type may operate in a low (or zero)
gravity area, the gravity effect deserves investigation. Orientation
tests were performed on the units in the four basic positions des-
cribed in Figure 5-3. Position 1 is the orientation used in all
tests besides these to determine gravity effects.

The orientation tests were performed using the G-367 137cq
source., The test results, considering the time between pulses at
position 1 to be taken as 0 deviation, are plotted in Figures 5-4
and 5-5. The results are 'not symmetrical because the fiber makes
an angle of approximately 10° with the vertical or horizontal in each
of the test positions (see Figure 5-3). If the fiber positions were
truly vertical and horizontal, the deviation for position 3 would
have been nearly zero and those for positions 2 and 4 would have had
about the same values but opposite signs.

The results vary from unit to unit because of the differences in
the tension in the fiber, fiber length, and coating thickness. Dosi-
meters 3 and 6* are extremely dependent on the orientation, in fact,
unit 3 will not operate in position 2, It is of interest to note that
the behavior of the NC units (denoted by asterisks) did not significantly
differ from that of the "regular" units.

5.3 60Co Calibration

The QFE dosimeter systems were calibrated for 60Co dose rates
varying by approximately five orders of magnitude. Being constrained

by the irradiation facilities, the source for rates of 260 mrad/hr

56




LS

POSITION 1

X Denotes orientation of fiber support rod

POSITION 2 POSITION 3 POSITION 4
GRAVITY

RGNS

CHAMBER WALL
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@)

QFE CHAMBER B A Look this way (A to B) to
> & e —— see the positions detailed

above,

D ‘ GRAVITY (Position 1 would be seen in the case shown)

The orientation tests were performed with the radiation source located
along the line AB. Gravity "pulls" in the direction CD.

Figure 5-3 Oriéntation Test Positions
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and above was located below the dosimeters along the line CD in

Figure 5-3. The lower dose rate data was taken with the source

located along the

line AB in the same figure. The calibration data

was taken using the experimental configuration described in Section IV

and is presented in tabular form in Tables 5-2 and 5-3 while the

graphed results are shown in Figure 5-6 and 5-7.

The time between pulses at the lower dose rates is shorter

than expected. This results in the absorbed dose per pulse

being lower than expected. Charge leakage is rejected as the probable

cause of the data

being like it is because of the superb insulator

properties of quartz. A reasonable explanation is that the background

radiation in the Irradiated Materials Laboratory is significant with

respect to the very low dose rates. This would cause the observed

effect and would be negligible at the higher rates. Little sig-

nificance is thus

pulse readings at

While examining the

attached to the observed relatively low dose per

the low dose rates.

60co calibration data shown in Figures 5-6

and 5-7, it should be kept in mind that the data covers five decades.

The results are quite good for these early developmental units and

are nearly linear
exhibited erratic
the low dose rate

from a comparison

over a very large range of values. The NC unit 7%
behavior at times and finally quit operating before
calibration could be made. The NC units, as seen

of 6* and 8, behave in a manner similar to that of

the "regular" units.
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Table 5-2 Co Calibration Data for Dosimeters 1, 2, 3, and 4
Actual Dosimeter 1 Dosimeter 2 Dosimeter 3 Dosimeter 4
Dose Time Time Time Time
Rate, Between #mrad Between #mrad Between fmrad Between fmrad
mrad/hr Pulses, sec Pulse Pulses, sec Pulse Pulses, sec Pulse Pulses, sec [Pulse
64,110 0.54 9.62 0.53 9.44 0.161 2.87 0.711 12.66
34,340 1.02 9.72 1.032 9.84 0.287 2.74 1.28 12.21
20,960 1l.64 9.55 1.69 9.84 0.474 2.76 2.07 12.05
13,800 2,44 9.34 2,48 9.51 0.700 2.68 3.21 12.31
9,725 3.42 9.23 3.43 9.27 0.983 2.66 4,56 12.32
7,235 4.53 9.11 4.60 9.25 1.29 2.59 5.86 11.78
1,231 25.8 8.82 26.8 9.16 7.29 2,49 34.1 11.66
727 43.5 8.78 44,5 8.99 12.1 2,44 56.4 11.39
339 91.9 8.65 95.0 8.95 25.2 2.37 119.8 11.28
260 121.2 8.75 126.5 9.14 32.4 2.34 160.1 11.56
179.06 171.9 8.55 199.1 9.93 52.1 2.59 250.1 12.44
78.57 388.5 8.48 439.3 9.59 114.3 2.50 562.6 12.28
38.71 821.2 8.83 - 898.6 9.66 219.2 2.36 1,130.2 12.15
19.65 1,474.8 8.05 1,649.0 9.00 414.2 2.27 2,027.5 11.07
7.872 3,731.7 8.16 4,325.6 9.46 1,007.8 2.20 5,208.0 11.39
4.47 -5,653.7 7.02 6,302.9 7.83 1,574.0 1.95 7,896.7 9.81
2.003 12,419.4 6.91 14,002.9 7.79 3,444.4 1.92 16,886.0 9.40
1.034 22,560.9 6.48 - - - - - -
Notes: a. The data for dosimeter 1 was taken at a slightly higher (about 2%) dose rate, but
the results have been normalized to compare with the others.
b. The calibration for 260mrad/hr and above was done using G-454 and G-2 was used for
the lower rates. (see Appendix D)
c. The calibration times between pulses are averages over several pulses except for the
long counts.
d. The temperature during the calibration was 25+ 3°C.
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Table 5-3

60

Co Calibration Data for

Dosimeters 5,

6%,

7*,

and 8

Actual Dosimeter 5 Dosimeter 6%* Dosimeter 7% Dosimeter 8
Dose Time Time Time Time

Rate, Between #mrad Between #mrad Between #mrad Between #mrad
mrad/hr | Pulses, sec | Pulse Pulses, sec Pulse Pulses, sec Pulse Pulses, sec |Pulse
64,110 ~ - 0.280 4,99 - - 0.55 2.80
34,340 - - 0.509 4.86 2.5 23.85 1.025 3.78
20,960 - - 0.818 4,76 5.23 30.45 1.68 9.78
13,800 - - 1.20 4,60 6.3 24,15 2.50 9.53
9,725 - - 1.64 4,43 6.77 18.29 3.42 9.24
7,235 - - 2.18 4.38 20.15 40.50 4.56 9.17
1,231 - - 12.3 4.21 68.1 23.29 25.8 8.82
727 - - 20.4 4,12 113.9 23.00 42.9 8.66
339 - - 43,1 4,06 198.3 18.67 89.7 8.45
260 - - 57.6 4,16 284.4 20.54 117.7 8.50
179.06 - - 84.9 4,22 - - 182.7 0.09
78.57 - - 181.9 3.97 - - 411.8 8.98
38.71 - - 353.5 3.80 - - 812.4 8.74
19.65 - - 611.6 3.34 - - 1,468.1 8.01
7.872 - - 1,554.8 3.40 - - 3,581.3 7.83
4,47 - - 2,395.9 2.98 - - 5,647.7 7.01
2,003 - - 5,067.6 2.82 - - 12,444.5 6.92
1.034 - - 8,745.7 2.51 - - 20,7%90.2 5.97

Notes: e

Dosimeter 5 was not in operation at the time of the calibration tests.
Dosimeter 7* did not operate properly after the high dose rate calibration.
The calibration for 260mrad/hr and above was done using G-454 and G-2 was

used for the lower rates.
The calibration times between pulses are averages over several pulses except
for the long counts.

(See Appendix D)

The temperature during the calibration was 27 +5°C.
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The calibration data can be displayed in another manner which
may be more informative to some readers. A fixed value of the ab-
sorbed dose per pulse can be selected and the deviation from this
value plotted versus the true dose rate. This has been done for the
collected data and the percentage-wise results are tabulated in
Table 5-4 and some are plotted in Figure 5-8. These results show
that the detected tissue equivalent dose is within about 10% of the
true dose over a range of more than four decades of dose rate for the
majority of theAdosimeterS‘tested. Again, background radiation probably
caused the large discrepancies at the low dose rates. Dosimeters 3 and
6* show a larger percentage deviation from the true dose than the others,
but it should be noted that their values of absorbed dose per pulse
are much smaller than that of the other dosimeters tested.

5.4 Temperature Effects

The tests to determine temperature effects on the dosimeters
were performed inside a Tenney-mite environmental chamber using the
G-2 °0co source located above the units along line CD as shown in
Figure 5-3, The dose rates in the experimental configuration used are
not well known enough to convert the time between pulses to dose per
pulse, but the approximate dose rates are indicated for the time-
temperature data shown in Figures 5-9 and 5-10.

The test of dosimeter 5 was started at 70°F and data was taken
for several temperatures up through 180°F. After cooling again to
70°F, the unit operated briefly and then quit. Examination of the

unit did not give any clues as to the cause of the failure.
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Table 5-4

Deviation of Dose/Pulse from a Selected Value

Dosimeter 1 2 3 4 6% 8
Selected
Value of 9,00 9.00 2.50 12.00 4.00 9.00
fmrad/pulse ‘
Dose Rate, % Deviation of #mrad from Selected Value+t
mrad/hxr ulse
64,110 6.9 4,9 14.8 5.5 24,8 8.9
34,340 8.0 9.3 9.6 1.7 21.5 8.7
20,960 6.1 9.3 10.4 0.4 19.0 8.7
13,800 3.8 5.7 7.2 2.6 15.0 6.4
9,725 2.6 3.0 6.8 2.7 10.8 2.7
7,235 1.2 2.8 3.6 -1.8 9.5 1.9
1,231 =2.0 1.8 -0,4 -2.8 5.3 -2,0
727 -2.4 -0.1 -2.4 -5.1 3.0 -3.8
339 -3.9 -0.6 -5.2 -6.0 1.5 =641
260 =-2.8 1.6 -6.4 -3.7 4.0 -5.6
179.06 -5.0 10.3 3.6 3.7 5.5 1.0
78.57 -5.8 6.6 0.0 2.3 -0.8 -0.2
38.71 -1.9 7.3 -5.6 1.2 -5.0 -2.9
19.65 -10.5 0.0 -9,2 -7.7 -16.5 -11.0
7.872 -9.3 5.1 -12.0 -5.1 -15.0 -13.0
4,47 -22.0 -13.0 =-22.0 -18.2 -25.5 =22.1
2.003 -23.2 -13.4 -23.2 -21.7 -29.5 -23.1

Sample calculation of deviation for dosimeter 1 at
64,110 mrad/hr:

Deviation = 24232%399 X 100 = 6.9%
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The overall variation of the time between pulses with temperature

is represented by the data in Table 5-5.

Table 5-5 Slope of the Temperature Dependence
Approximate Overall Slope,
Dosimeter sec/pulse~F°
1 -0.02
2 -0.03
3 +0.06 +
2 ~0.05 0.0 Z 0.06
5 +0.02
8 +0.06
6% -0,13
NC type
7% ~0.20 P

The NC units exhibit a relatively strong negative slope. The re-
sult is that at higher temperatures, there is less time between
pulsesvat constant dose rates. In other words, the necessary amount
of radiation collected to cause a pulse is less at higher temperatures.
The "regular" units exhibit much weaker dependence, but in both
directions.

A partial explanation can be reasoned by saying that the NC
unit fibers become more elastic at higher temperatures and thus take
less force (proportional to charge collected which is, in turn, pro-
portional to the integrated dose) and consequently less time to cause
a pulse to occur. By the same token, however, the fibers in the
"regular" units also become more elastic. The fibers are in tension

against the rods and whether or not they take more or less force to
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be pushed away depends on how elastic they become, the fiber length,
and the tension. Depending on these factors, the fiber will have
to be bent either more or less at elevated temperature to break
contact with the rod.

It should be mentioned that these temperature dependencies do
not become significant until high dose rates at extreme temperatures
are encountered. For instance, using the largest slope calculated,
the difference in the number of millirads/pulse (taking 10 as the
normal value) for a temperature difference of 50°F and at a dose rate
of 1 rad/hr is about 28%.

5.5 Vibration and Shock

Dosimeter 1 was subjected to the simulated mission vibration and
shock tests specified by NASA-MSC for their space qualified radiation
detection instruments. The dosimeter was tested using the G-367
137 . . . . .

Cs source and its operation after the simulation tests 1s es-

sentially the same as it was before they were performed. (refer to

Table 5-6)

Table 5-=6

Comparison of Data Taken Before and After the Mission
Vibration and Shock Tests

Number of Average Time Between Pulses, sec
Pulses Averaged Before Tests After Part of Tests |After All Tests
10 26.8 - 27.5 26.5
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5.6 Gas Leak Tank

The QFE dosimeters are filled to a pressure of 760 Torr (i.e.
1 atm.) with ethylene. Dosimeter 1 was tested for gas leaks with
a Veeco MS8-12 leak detector. The leak rate was found to be
1.8 (10'10) atm-cc/sec (He) which is only about 20% above the

background reading.
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VI. SUMMARY AND CONCLUSIONS

The major accomplishments of this work are summarized below:

1. Theoretical considerations to point out trends in intrinsic
behavior were formulated to aid in the design and sizing of the
quartz fiber electrometer.

2. Small automatic recycling quartz fiber electrometers were
designed, developed, and constructed.

3. Tissue equivalent ionization chambers for use with the
quartz fiber electrometegs were designed and built.

4, The gquartz fiber electrometer dosimeter systems, complete
with the pulse shaping electronics, were tested to determine their
applicability for use as space qualified radiation detection in-
struments.

As a result of this dosimeter study, the following conclusion
is drawn:

1. The performance of the dosimeters in the tests conducted
(i.e. orientation, high and low dose rate ©0co calibration,
temperature, vibration and shock, and gas leak) indicates that they

can indeed be developed into meritous space gqualified radiation

dosimeters,
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VII. RECOMMENDATIONS FOR FURTHER IKRVLESTIGATION

In view of the findings of this study, the following suggestions
are made for future-work on quartz fiber electrometer dosimeter
systems:

1. Methods to accurately control and select the fiber diameter
should be employed.

2. The Signa-Kote coating on the quartz fibers should be made
as perfectly uniform as possible.

3. New methods of attaching the fibers to their support rods
should be considered.

4, It should be determined whether or not the application of
a base coat of metal on the guartz rod before gold deposition will
significantly enhance the electrometer performance.

5. The quantitative effect of ethylene pressure variation
should be determined.

6. The dosimeter response to alpha, beta, and proton radiation
should be measured.

7. It should be determined which type of electrometer, NC or
"regular”, can be most predictably constructed.

8. Although it is suspected that almost any value between about
1 and 100 mrad/pulse is feasible, all factors influencing the control
and adjustment of the absorbed dose per pulse should be investigated

to determine the practical limitations.
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9, Consideration should be given to the development of a self-
contained dosimeter system complete with radiation detection element,
battery pack, electronics package, electroluminescent digital display,

and anodized aluminum case,
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APPENDIX A

TISSUE EQUIVALENT ION CHAMBER

It has been indicated (15) that tissue equivalence depends on the
materials used in the ion chamber having the same number of electrons
per unit volume as tissue. This number, for a given substance, is
proportional to the ratio of the atomic number of the mass number
(i.e. Z/A).

The elements composing human muscle tissue and their weight
percentages haﬁe been presented in the literature(l6). The total
7z number is given as 55.087. The A number calculation is shown in

Table A-1,

Table A-1 Total Mass Number of Human Muscle Tissue

Element Weight % Atomic Weight A
C 1.024 12.011 12.299
H 10.2 1,008 10.282
0 4,556 16.0 72.896
N 0.25 14.008 3.502
Na 0.0036 22,991 0.081
Mg 0.0008 24,32 0.020
P 0.0065 30.975 0.021
S 0.0156 32.066 0.500
K 0.0077 39.1 0.301
Ca 0.00017 40.08 0.007

Effective A = 99,901
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The (z/A) values for muscle tissue, Delrin, and ethylene are
very near one another as seen in Table A-2,

Table A-2 (Z/A) Values for Tissue, Delrin, and Ethylene

Substance Tissue Delrin (CH20) , Ethylene (CyHg)

Z/A 0.551 0.533 0.571

Additional testimony to Delrin being a good tissue equivalent
material is that the attenuation and absorption coefficients are very
close to one another. (This actually stems from the similarity of

(z/A) values.) The numbers (17)

in Table A-3 show the proximity of
these coefficients:

Table A-3 Attenuation and Absorption Coefficients of Delrin & Tissue

Attenuation Coefficient Absorption Coefficient
Photon Energy (cm?2/q) (cm?/qg)

(MeV) Tissue Delrin Tissue Delrin
0.010 5.2582 3.9928 4,8412 3.6009
0,050 0.2211 0.2065 0.0295 0.0315
0,100 0.1698 0.1636 0.0251 0.0236
0.500 0.0957 0.0928 0.0326 0.0316
1.000 0.0700 0.0678 0.0307 0.0297
5.000 0.0299 0.0289 0.0191 0.0184

10.000 0.0216 , 0.0209 0.0158 0.0152

50.000 0.0160 0.0152 0.0146 0.0139

100.000 0.0165 0.0157 0.0158 0.0150

On the basis of the above presented material, the Delrin-ethylene

system is said to be tissue equivalent.
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APPENDIX B

STOPPING POWER CALCULATION
The p in the Bragg=Gray theory is the mass stopping power ratio.

mass stopping power of medium
mass stopping power of gas

P =

There are published formulas by which p may be calculated when the
medium and the gas are known. The following table lists the results

of calculations for ethylene gas and a Delrin medium.

Table B-1 Mass Stopping Power Ratio Using Delrin and Ethylene

Electron
Energy, Mev p Reference

0.1 0.899 18
1.0 0.910
0.1 0,900 19
1.0 0.908
0.1 0.899 20
1.0 0.907

Average = 0.904
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APPENDIX C

PHYSICAL PROPERTIES OF MATERIALS USED
IN THE QFE DOSIMETER SYSTEM

1. Quartz (Ref. 21)

Property

Density cececccccccosossns
Hardness ccceccescesssssass
Tensile Strength ..ccecces
Compressive Strength .....
Bulk ModuluS ceeveeccscsoscs
Rigidity ModulusS ceeceeess
Young's Modulus .ceececscs
Poisson's Ratio ceceeecess
Thermal Conductivity .ee..
Specific Heat c.eeeesccocs
Softening Point ..eceecess
Coefficient of Thermal
Cxpansion...(avg.).eeco.o
Annealing Point ..ceecosse
Strain Point ceececscesces
Electrical Resistance ....
Dielectric Constant ......
Dielectric Loss Factor ...
Index of Refraction ..cc.e

Value

ceessesens 2.2g/cC
evessecesss 4.9Mhos
tesseesess 7,000 psi
ceeesscess >160,000 psi
ceeseesess ~5.3(106) psi
teveveses. 4.5(100) psi
teeeseees. 10.4(106) psi*
cessecesses 0.16
cceossesss 0.0033 cal/sec-cm-°C
ceesesssses 0.18 cal/g
cesesesssses ~1665°C

- -1
© 06000506000 5.5(10 7)°C (20°C_320°C)
.000......~ll40°c
® 8 ¢ € © & 6 0 0 O 107O°C

cssssssess 9.5 logjpgR for cm3 at 350°C

© © H 6 6 2 ° 0 & & 3.75 at 20°C’ l mc
cesecceasses <0,0004 at 20°C, 1 mc
® &€ © & & & 0 6 6 O 104585

2, Ethylene (Ref., 22)

Synonym @ 2 06 00 00 0 66 OB OO 00 0O
Family @ ® 660 00000060060 606 0600

Molecular Weight .ececocss
Boiling Point (1 atm.) ...
Freezing Point (1 atm.) ..
Specific Gravity, Air = 1
Critical Temperature .....
Critical Pressure ceceoses
Critical Density ceoeceosoe
Thermal Conductivity, 32°F
Cp; 15°C, 1 atM ccooscccoo
Cys 15°C, 1 atm ceceescoce
Flammable Limits in Air ..
Autoignition Temperature .
Viscosity; gas, 15°C .....

* Refer to Section 2,1.4

teeesee... Ethene (Cply)

sseeseeseses Olefin Hydrocarbon of
Alkene Family

cecssessss 28.05

teesessses —=154,.66°F (-103.7°C)

cesessesss =273.1°F (-169.5°C)

cesvsseses 0.978

ceseesseos 48.65°F (9,25°C)

eeeseeseses 735 psia (50 atm.)

ceessssees 0.288g/cc

teveue... 0.0101 BTU-in./hr-ft2-°F

cveeceessses 0.3592 cal/g-°C

ceesesssss 0,2858 cal/g-°C

cesecceses 3.1-32.0% (by volume)

cevecscsss 1009°F

cesessscss 0.0099 centipoise

79




3. Delrin (Ref., 23)

Property Value

FOYXMULa ceeesocsccccccsossssscsassoess N=CH20
Melting POint eeeeessoccsscsscescsses 347°F
Specific Heat seeescooscesssscossoss 035 BTU/1b=°F
Thermal CONAUCEIVILY «eeoeesoeseeess Lo6 BTU=in,/hr-£t2-°F
Specific Gravity eceeessscescscesess 1.40=-1,42
Poisson's RAtiO .eececsccsssssncssss 0.35
Surface ReSiStiVity seeeeeeseeeess.. >10100hms
Coefficient of Linear
Thermal CXpansion seeeecccccsccsses 4.2(1073)°pr~1(-40 to +85°F)
5.0(10"5)°F~1(+85 to +140°F)
5.5(107°) °F~1(+140 to +220°F)
Dielectric Strength eceeececseccessss 5,870 volts/mil @ 1.2 mils
~ thick
1,210 volts/mil @ 20 mils
thick
590 volts/mil @ 73 mils
thick
Dielectric Constant ceececeosscecos 374 (lOZCpS)
(73°F, 50% R.H.) 3.71 (104cps)
3.69 (10%cps)

4., Aluminum (Ref. 24)

TYPE ecocecscasecscscnnssasssssasscas 0061

CompoSition ceseeosssesesssccocsssss 1L.0%Mg
0.25%Cu
0.60%541
0.25%Cr
97.9%A1

Specific Gravity seesesscsocsessssss 2,70

DENSIEY +eennoennsennneeennneeneenss 0,098 1b/in’

Melting RANGE eeessessscsesccocooses ~1080-1205°F

Llectrical Conductivity ..eeesscesss 40 (% 0f Cu)

Thermal Conductivity (25°C) ¢...ee.. 0.37 CGS units

Average Coefficient of

Thermal EXpansSiOn ecesececcscccossos 12.0(10=6)°F~1(=76°F to + 68°F)

13.1(107%) er 1 (+68°F to 212°F)
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APPENDIX D

DOSE vs. DISTANCE DATA I'OR RADIATION
SOURCES USED IN THE EXPERIMENTS
The dose rates at various distances from the gamma sources
used in the experiments are presented in this appendix. The sources
are identified in Table D=1 and the graphed information follows in

Figures D-1, D=2, and D=3,

~Table D=1 Source Identification

Source Designation
Item
G-2 G=367 G-454
Type 60Co 137Cs 60Co
Gamma Energy, Mev 1.17,1.33 0.662 1.17,1.33
Orientation
Temperature, Test, Satura- | High Dose
Use Test, Low Dose tion Rate
Rate Calibration| Voltage Test Calibration
1/4"d x 3/4" 3/8"d x 3/8" Health Physics
Comment SS capsule br. screw in Well Source
. 30" Al rod
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