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RADIOISOTOPE APPLICATIONS

H. A. O'Brien, Jr.

ABSTRACT

The review of nuclear battery construction and appli-
cation includes: (1) the principles utilized in developing
a nuclear battery; (2) the major problems such as insulation
breakdown and radiation damage to materials in contact with
the source; (3) battery design and efficient dielectrics.
Several nuclides are compared for possible use as battery
components.

The attachment of a Co60 source to the flight-recorder
of an airplane has been investigated for use in locating the

instrument in the event of a crash.



1.0 REVIEW OF NUCLEAR BATTERY CONSTRUCTION AND APPLICATION

1.1. TIntroduction

A nuclear battery is a device wnich is capable of delivering a few
microwatts of power and which is, 1n contrast to the electrochemical or
solar cell, inherently free from temperature and environmental factors.
The main cowponents of the battery are the source and the converter; an
ernclosure is also necessary as a protective shield. The power of the
source is determined by the rate of decay of the nuclide and the energy
of the emitted radiation. ©Since there is no problem of fuel depletion
for a long-~lived isotope, the battery life is limited only by the break-
down of the converting device which transforms the radiocactive energy to

electrical encrgy.

The first direct conversion of radioactive decay energy into elec-
trical energy was performed by Moseley in 1913 by suspending a radium
sphere inside a second sphere which acted as the ancde collecting the

emitted beta particles. Voltages up to 100 kev were obtained.

Recent developments in nuclear batteries have centered arocund four
basic cell types--the constant-current cell, the p-n Junction cell, the
contact-potentiasl~difference cell, and the double conversion cell. The
constant-current cell collects the emitted betas without any current
magnification. The p-n junction cell magnifies the beta current and de-
creases 1ts voltage by means of a diode junction. The contact-potential-
difference cell employs a radioactive gas confined between the anode and
a cathode made of two dissimilar metals; the outvut potential is the
difference ian the work function of the fwo metals. A phosphor used in
the double conversion cell converts the beta to light energy which is

ther transformed to electrical energy by a photocell.



The geometrical design of a particular cell type is partly deter-
mined by the physical form of the beta source-~that is, gas, powder, or
metal. The shape and thickness of the source are determined by its self-
absorption coefficient. When materials with high self-absorption
coefficients are used, a very thin source is necessary to obtain maximum
use of the electrons. The design of the source is further determined by
the dielectric which separates the emitter from the collector. A di-
electric which will not appreciably absorb the beta energy and which will
not break down under the high voltage developed by the betas is desirable.
The effects of radiation on various dielectrics and insulators such as
decreased dielectric resistance and lattice defects have been investi-
gated. Also important to the design is the choice of collectors which

have low secondary-electron emission and little outgassing.

The efficiency of the four main types of nuclear batteries is low,
for both theory and experiment show that 2% energy conversion seems maxi-
mun. This value differs by only a few percent from present thermoelectric

converters which convert M—S% of the beta energy to electrical energy.

1.2. Constant-Current Cell

In the constant-current cell, high speed betas emerging from the
isotope, which is coated on an emitter electrode, penetrate an insulating
medium and are collected by a conducting electrode which then becomes
negatively charged. The insulating medium between the electrodes may be
a vacuum or a dielectric. This type cell has the greatest voltage ard
the least current of the four types, for there is no magnification of

the current.

90 90

A constant-current cell using Sr
90 490

is shown in Fig. 1.2.1. Two
millicuries of Sr was impregnated in a small gold leaf, 0.001l-in.

thick (after the leaf was degassed and free from oil), and the leaf was



attached to one end of a 0.00l-in. stainless steel foil. An aluminum
cylinder was wrapped with 0.0Ll5 in. of polystyrene dielectric and the
leaf placed around it. The cylinder was then covered with 0.015 in. of
polystyrene so that the aluminum electrode collects the betas emitted in
all directions. Natural mica, Styron-647, and Corning-172% borosilicate

glass have been determined to be better insulators. The available

90_,90
Y9O

current calculated for a 2-mc Sr source 1s 12 x :LOM12 amps. The

average energy (0.91 Mev) of the
90

high energy beta is used in calcu-

lating the power since the Sr

Y9O

beta and the other low energy betas of
do not affect the rough calculation. The available power obtained
by multiplying the voltage by the current ig 10.9 pw. With an assumed

power conversion of 2%, the output of power of this battery is ~ 0.22 pw.

There are two major causes for the low conversion factor. First,
secondary electrons are ejected on impact of the primary betas with the
collector surface and are atiracted back to the source by the positive
electric field (Fig. 1.2.2). These secondary electrons decrease the
collected electric charge and thus limit the output current. At present,
collector surfaces are only ~ 50% effective--that is, the ratic of second-
ary emission to primary impact is 1/2. The second cause of the low
conversion factor is that the voltage across the external terminals rises
to several thousand volts and leakage produced by air ionizaltlion around

the terminals limits further voltage increase.

When a solid dielectric separates the emitter and collector elec-
trodes, a compromise must be made. A thick dielectric is desired in
order to give the maximum voltage breakdown; however, a thin aielectric
is desired to minimize beta absorption, since the power outpubt is pro-
portional to the number of betas reaching the collector. A plot of
range versus beta energy for a given dielectric must be known, as well

as the mean energy of the beta.
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Fig. 1.2.2. Ejection of Secondary Electrons upon Impact of
Primary Electrons with the Collector Surface.



The resistance of most insulators when exposed to beta radiation was
observed to decrease in time to a minimum and then increase thereafter.
Thus, the insulators, in bulk form or after fabricating and molding into
position, were irradiated to the maximum resistance region before use in
the cell. In doing so, the leakage current through the insulator was
winimized.

Another example of a constant-current, direct-charging nuclear
battery is the Kr85 gas battery, shown in Fig. 1.2.3%3. The filling tube
by which the gas source is introduced into the glass chamber serves as
the anode; the cathode is a copper coating which collects the electrons.

The battery contains ~ 1 cc of K_r8D

, corresponding to 110 uw of radio-
active power. The battery has a 2-uw output which is ~ 1.8% pOWEr COn-

version.
Tritium~-zirconium sources have been investigated and used to make
a working H5 model.

It has been shown that carbon collectors in gas~filled batteries
show an erratic current ocutput with time due to outgassing of the carbon.
Thus, methods reducing the gas content should be studied if a carbon

electrode is desired.

1.3 The p-n Junction Cell

A hign-energy beta impinging on a p-n diode produces many hole-~
electron palirs. If the pairs are produced less than an electron diffusion
length from the p-n junction, most of the electrons travel towara the n
side and the holes toward the p side of the junction. These separated
palrs produce a forward bias on the Junction and deliver power to a Jload.
Junction cells thus convert a small current of high voltage electrons

into a much larger current of low voltage electrons. The current multi-
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plication for Silicon is ~ 1.5 x 107 and for germanium ~ 1.9 x 107, The
p-u Junction type battery delivers currents of a few microamperes at a

few tenths of a volt.

A typical p-n junction cell is shown ir Fig. 1.%.1. A source of 50 mc
of Srgo corresponding to 200 uw of radioactive power has been used for
beth silicon and germanium junctions. Because of volume and surface re-
combination, back scattering, bucking currents, junction leakage, and
source self-absorption, an output of only 1 uw was obtained which corre-
spords to an energy-conversion efficiency of about OHS%. Currents of 10 pa
at 250 mv were observed Tor silicon and 20 pa at 30 nv for germanium.
Silicor has a higher efficiency than germanium principally because of

the larger junction resistance.

This cell failed after a few weeks' operation due to the production
of lattice defects. If the beta energies exceed a certain value, the
Frenkel defects created cause a relatively Tast decrease of output current
due to an increase in the recomvination welocity of electrons and holes
in the structure. The theoretical and experimental value for the thresh-
old energy for radiation damage in silicon is ~ 300 kev and in germanium
is ~ 600 kev. To use either silicon or germanium in the p-n cell, a
source wnose beta energy is less than the threshold energy for lattice

defects 1s necessary.

1.4. Contact-Potential-Difference Cell

The contact-potential-difference type, shown in Fig. 1.4.1 is ca-

pable of delivering a few willimicroamperes at a Tew volts.

An electron traveling through a heavy gas such as argon will produce
lon-electron palrs, each pair absorbing about 30 ev from the electron.

For each initial electron, ~ 100 ion-electron pairs will be produced
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giving a current magnification and a voltage decrease. By enclosing the
gas with two metal electrodes of different work functions which are
connected by an external load, the gas ions will be collected on the
electrode of opposite charge. The current is dependent on the source
material; the potential is the difference between the work functions of
the two electrodes. The open circuilt voltage between an alkali metal
electrode such as lithium with a work function of 2.39 ev and a noble
metal electrode such as gold with a work function of 4.58 ev would be
2.10 ev. Although the work functions of the metals are known, the prob-
lem has been to determine a couple having a high contact-potential-
difference without ingassing and without varying appreciably with time

and temperature.

Electrodes of Al1-PuO Pu-FbO and Al-C have been used with a mix-

2’ 2’
ture of tritium and argon as the filling gas to obtain currents of 100
mua at 1 v. The results indicated that the output current varied with
temperature and was not linear with source size and that the voltage

across the load was erratic with time.

A cell using Mg-—PbO2 electrodes and new inorganic insulation through-
out to minimize leakage provided a2 much more stable current and voltage.
The inorganic insulators increased the temperature range and decreased
the ingassing; preirradiated.Alsimag—EMB seemed to provide the best ter~
minal insulator surface. Results show that tritium is the most promising
isotope for use in the gaseous-ionization, contact-potential-difference

battery and that 2% power conversion is a maximum.

1.5. Double Conversion Cell

The transformation of beta energy to light energy and then to elec-

trical energy is called double conversion. A double-conversion cell



~ 1/2 by 1/k in. has been developed using PmluT. To form the source,

, powder containing 4.5 curies was mixed with 50 mg of pow-

3

dered phosphor containing either cadmium sulfide, zinc sulfide, or both.

5 mg of PmEO

The emitted betas are absorved after traversing 0.0)L cm in the phosphor
and produce light in the red and infrared regionsg. The light passes
through the source container made of transparent, radiation-resistant
plastic, impinges con a silicon photoelectric or photojunction surface
which surrounds the source, and liberates photoelectrons from the sur-
face. Of the 1800 uw of available radioactive energy, only l% was con-

verted to electrical energy, yilelding an output of 20 pa at 1 v.

Further studies have shcwn that the factor limiting the efficiency
was the thickness of the luminophor layer which absorbed its own illum-~

ination. A thickness of 0.02 cm (80 mg/cmg) vas suggesbed.

The basic advantage of the double conversion battery is that the
silicon photocell, which is sensitive to lattice defects, is protected
from the beta radiation of the isotope; only the phosphor is subjected

to radiation, to which its resistance 1s relatively high.

1.6. Applications

The small size and long life of nuclear batteries should make them
useful in such instruments as radios, hearing aids, wrist watches, and
the cutie-pie ionization chamber, which requires only 90 v and 1 mupa of

current.

A constant voltage power supply, another application of the nuclear
battery, is shown in Fig. 1.6.1. The capacitor is charged until the
proper voltage is reached, after which the regulating diode maintains

this voltage.
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A self-powered system with only one moving vart for delivering a
time-delayed electrical signal to a load is shown in Fig. 1.6.2. The
capacitor size and breakdown voltage of the cold cathode djiode deter-
mines the time delay between the switch opening and the discharge of the
capacitor through the diode to the load. An example of its use as a
gelf-contained actuating impulse is in an acceleration "g" senser using
an inertia switch. The self-powered system could be used as an altitude
or pressure sensing switch system. One-shot trigger devices for firing
squibs, primers, and detonators could also be made. Other uses of nu-
clear batteries incluce electrostatic generators, counting devices, reset

devices, and relay operations.

Various beta-emitting isotopes used as sources in nuclear batteries
are compared in Table 1.6.1. The values shown for the cost per micro-
watt of available power are dependent upon the cost per curie and the

90_,90

average beta energy. On a cost-per-microwatt basis, a S3r source

appears the most practical. However, due to the toxicity of strontium
1h7

and the greater shielding necessary for the high-energy beta, Pm is

generally preferred as the battery source.

The variables affecting the values for the amount of source material
required to produce a l-uw output given in the last colurn of Table 1.6.1

are The specific activity and the average beta energy.

Krypton-85 and tritium are particularly useful in the contact-
potential~difference type battery ia that either of the two may be mixed
with the filling gas, in addition to the beta-emitting, plated source
material. The corbination of the two beta emitters enhances the power

output of the battery.

The properties of Tc99, from Table l.6.l,appear to 1limit its use

in nuclear batteries as compared with the other listed isotopes. The



TABLE 1.6.1
Comparison of B-—emitting Isotopes as Possible Nuclear

Battery Sources

Amt. of source
needed to give
Average B- Cost/uw of power output of

Radio- Half-1ife Source Specific Cost per Energy in available one pw at 2%
isctope in Years Form Activity Curie kev power efficiency
e} . .
me? 2 x 107 Metal or  0.016 c¢/gm $5,900 86 $11.60 65,125 mg
TcO
2
o T 2.5 Puy0, 400 c/gn o I 0.005 0.3 mg
sr% v 28 S c/gn 1 910 0.0002 0.2 mg
Kr85 10 Gas 0.08 ¢/ce 10 227 0.007 0.5 ce

1 12 Gas 2.6 c/ec 2 k 0.08 0.8 cc
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disadvantages, however, may be balanced in the p-n junction cell, where
high current and low voltage are desired. The maximum beta energy of
pe?? (290 kev) is less than the threshold energy for the production of
lattice defects in either silicon or germanium (300 and 600 kev respec-
tively). A Tc99 Junction cell might have a long life whereas all pre-

vious p-n cells using other isoltopes have failed in ~ 2 weeks.



2.0. RADIOACTIVE LOCATOR BEACON

2.1. Introduction

The Federal Aviation Agency has in recent years been concerned by
the loss of flight-recording instruments which have been torn away from
the Tuselage of the aircraft during the impact of a crash. The rapid
recovery of this instrument is considered essential. A radioacthive lo-
cator beacon has been proposed as a means of locating the protected tape
deck of the recorder, especially in instances where it may be under water

or imbedded in mud.

The beacon should be attached to or located within the tape deck it-
self, should not operate until a predetermined "G" force has been applied,
and should have a long life, low weight, small size, and crash surviv-
ability. The nature of the source radiation and the smount present in
the beacon should yield a range of detection of at least 10 ft in air,

3 ft in sea water, and 2 ft in earth. 1In addition, the equipment should
be so designed that, when 1t is mounted anywhere in the ailrcraft, persons
may work nearby for prolonged periods of time without exceeding current
standards of safe radiation dosage. Finally, the beacon should have a
shelf-~1ife (non—operating condition) of at least 6 months followed by

an operating-life of 1k days after a crash and should require no external

power.

2.2, Conceptual Design

A 7.8 mc 0060 source enclosed in a stainless steel capsule is mounted
at the center of a L-in., spheriecal, uranium shield. The sphere is de-
signed so that it will separate into two sections, the larger of which
will fall away exposing the radiocactive source. The smaller section to

which the radiation source is attached is held firmly to the protected
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tape deck by a mounting bracket. In the event of a crash, the tape deck
will be located by a portable, scintillation~type instrument. 'The total
weight of the proposed locator beacon is 30 1lbs. A cross sectional view

of the beacon is shown in Fig. 2.2.1.

Cobalt-60 was selected as the source for radiation since it provides
the required gamma radiation to penetrate 3 ft of water and will function
satisfactorily in the eanvironmental conditions specified by the FAA. A
very small source is necessary to minimize the amount of shielding re-
quired and to reduce the radiation hazards involived in the recovery oper-

ation.

The selection of uranium rather than lead for shielding is necegsi-
tated by the requirements of crash survivability. A protective metal
coating will be placed around the uranium to prevent ite¢ oxidation in

the event of fire.

Two trigger mechanisms have been proposed for separating the two
sections of the uranium shield and exposing the source. First, the re-
movable section of the shield is attached to the source-containing section
with shear pins; the other end is firmly anchored to the fuselage. Upon
impact, the entire tape deck assembly will continue moving forward by
virtue of its inertia. The removable section will be held back, the shear
pins will break, and the source will be exposed. The second trigger mech-
anism uses explosive bolts to attach the uranium shield to the source
wount. At a predetermined impact shock the bolts explode and the shield

falls away, thereby exposing the source.

A stainless steel guard is placed over the end of the source to pre-
vent its being dislodged after the shdield has fallen away. An alternate
method 1s to attach the source to the instrument by means of a chain so
that all shielding could be dropped away at the moment of impact. This

method would increase the effective angle of unshielded radiabion to 360°.
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2.3. RExperimental Results

Radiation measurements have been made in mud, water, and air by use
of test equipment set up in a manipulator cell (see Fig. 2.3.1). The
dosage was measured in air at distances of 30, 39.4, and 47 in. from the
source. Fran these cata the strength of the Co 0 source was calculated

to be 2.38 curies.

The source was contained in a l/h—in.~diam by l9/52~in.—long stain-
less steel capsule, which was then placed inside a 5/16-in.-diam hole
drilled in the end of a 2-1/2-in.-diam lead cylinder. The effect of
scattered radiation in the cell was minimized by placing lead brick

shielding around both the source and the detector.

In order to obtain measurements through mud and water, three boxes
(12 x 12 x 12 in. ID) made of l/2—in. plywood were placed end-to-end
between the source and the detector. The boxes were lined with a thin
sheet of plastic to prevent leakage of the mud and water. The results
of the test measurements are listed in Table 2.3.1. TFigures 2.3.2, 2.3.3,
and 2.%.4 show the variation of the log of the dose rate with varying
amounts of rmd, water, and air placed between the source and the detec-
tor. Table 2.3.2 contains a list of calculated dosages from small 0060

sources.
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TABLE 2.3%.1
Cobalt-60 Source Measurements in Simulated

Air, Mud, and Water Conditions

Absorption Distance From

Medium Source {in.) Dose
Air 30 6.8 v/nr
Air 39,4 3.1 r/hr
Air g 2.% r/hr
3 emply boxes W7 1.1 r/hr
1 box water - 2 empby boxes Ly 300 mr/hr
2 boxes water - 1 empty box L 82 mr/nor
3 boxes water L7 26 wr/hr
1 box mud - 2 ewpty boxes L7 145 mr/hr
2 boxes mud ~ 1 empty box iy 14 wmr/ar
3 boxes mud Ly 1 mr/hr

TABIE 2.3.2

Calculated Dosages in Small Cobalt-60 Sources

Dose Rate Lmrfﬁr}

Caleculated Environmental Readings at Surface of 4 In.
60
Co Source (mr/hr) Spherical Uranium

(me) 2 ft. mud 3 ft. water 10 f£. air Shielding
1000 5.9 10.9 1400 1634

500 2.95 5,45 700 817

250 1.48 2.73 350 408

125 0.77 1.36 175 20k

62.5 0.37 0.68 87.5 102

%1.25 0.19 0.34 L=.8 51

15.63 0.09 0.17 21.9 25

7.81 0.05 0.09 10.9 12.8
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Other Progress Reports Issued by

Isotopes Development Center Are:

Curium Program

Safety Testing Progran
Radioactive Sources
Fission Products
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