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PREFACE

In the field of radiation chemistry there exists a need
for a rapid, accurate, and reproduclble technique to measure
the intensity of a gamma-ray field from 1 r/hr to 104 r/hr.
Since the radiation itself is a controlled variable, the
precise measurement of the intensity is of paramount im-
portance. This paper deals with the dosimetry of gamma
radiation emitted from spent reactor fuel rods. The fuel
rods used in this study were removed from a Materials
Testing Reactor operated by the Phillips Petroleum Company
at Idaho Falls, Idaho.

The instrument used to satisfy the above requirements
consists basically of a scintillation crystal, a multiplier
phototube, and a D-C amplifier. By Ilntegrating the scintil-
lations produced by gamma rays, a measurement of the radla-
tion intensity is effected. The instrument described in
this study has good resolution due to the incorporation of
an expanded scale and range switching.

It 1s a pleasure to acknowledge the guidance and en-
couragement given by Dr. H. L. Jones; the cooperation of
the personnel at the Atomic Radiation Laboratory, Continen-
tal 0il Company in the testing of the detector; the permis-
slon of my supervisors to publish this paper; and certainly

to Mrs. Betty L. Erickson for final preparation of the figures.
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CHAPTER I

INTRODUCTION

In the study of radiation chemistry, the radiation field
generally assumes the role of a controlled variable. There-
fore, 1t 1s necessary to have a method of determining the
radiation dosage permitted to impinge on an experiment. In
the theoretical case of radiation being emitted from a point
seurce,.the'radiation at any given point can be defined by
the "dlstance squared" law. 1In the theoretical case a com-
plete field could be defined by measuring the intensity at
one P?i?E“?Pd @9P¢rm?“iﬂg;FP?NSePW?PPY“9?.th?«fieldf In
t??mP?ﬁ??i??lw9@§e;9f”?§d?§?i??“fP9mM§Pe??j§931J?9@§aJth?iw
intensity pattern is Ué? 9?1?9?m;§Fma?¥;giY?E distance from
,Fh?;§99ré?:;i?h??'?ﬁ;duﬁhFo,Ph?;f%QF;?hﬁthh?ﬁ§99?°¢h15‘?Ot
aWPQ?PFw§9F?9§;?t;al}e.??tfiﬁ.aCFuﬁllym%_?éﬁié?%Q?VV919me
of approximately 27H9Pb?9,?¢?§_(PFe.YQ}?We;ﬁéqu??GQNQQ? S
four fuel rods). This is shown in Figure 1. The curve for
the point source 18 ?;FP?OF?PFEa}MQu?Y?ﬁ;;IPM1§;0%}9u}?§?d
W?Fhm??f???PQe;P9M?;99}9tWWhe?en?ﬁﬁmiﬂﬁenﬁ?FY;}§ the same
for the point 59vr9e;an@mﬁh?.éist?%bg?ed,§99r99;'w¥nn9r9eew
to accurately map the intensity, 1t ??JH§9?§§9P¥;tPW?PY?§P?;

gate a 'large number of locations. The mapping 1s mandatory
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1f a large specimen is to be irradiated since this is the
iny_mgthgqﬁyhgt can determine the radiation Intenslity at
all locations on the specimen. |

‘Ease of operation of the measuring instrument is also
an important criteria to consider. A considerable amount of
valuable time and manpower can be expended in making dosage
measurements when some of the existing methods are used.
Therefore, rapid operation and expedient results are important
features to be considered in the design of a dosimeter.

~ The problem of dosimetry is currently resolved by two
general techniques. The first technique depends on the use.
of agas, llquid, or solid. On absorption of ionizing radia-
tion, 1t undergoes.a definite change in physical or chemical
properties. This change is related in a known way to the
amount of radiation absorbed. Such dosimeters are known as
lntegrating dosimeters since the cumulative property change
1s measured at the end of the irradiation period. The cumu-
lative change 1s then used as a measure of the total absorbed
~dose. Some of the more common types of chemical integrating
d95im9té?§“areevwﬁl)hferrouﬁlfer?ig:;K22m99r1¢;9?r99§;mav@”
(3) methylene blue (1). One of the physical dostmeters com-
monly used 1s called "adlabatic calorimeter” (2). The actual
method used in the chemical dosimeters is very similar for
typlcal, it is known that the number of ceric lons reduced,
to cerous ioms 1is a linear function of absorbed dosage (3).

After lrradiation, the cerlc lon concentration is determined



either by titration or by photometric techniques° As the
ceric ions concgntration was known before irradiatiop, the
amount of ceric ions that were reduced to cerous ions can be
found. Tbe value of the yleld is then used to calculate the
dogage absorbed. A typical yleld value for the ceric-cerous
dosimeter, as published by Hochanadel and Ghormley (%), is
2.46 micromoles per liter per 1,000 reps.

| Aé the name "adiabatic calorimeter" implies, this tech-
nique takes advantage of the fise in temperature of a sub-
stance when irradiated. This is a very slow and tedious
method since controlled temperatures must be maintained to
satisfy the adiabatic conditions. Iﬁ does have the adva-
tage of high aécuracy and finds use in the calibration of
the various chemical dosimeters (3).

The second technique currently employed for dosimetry
measurements uses sensing elements placed directly in the
radiation field for continuocus measurement of parameters that
wWlll characterize the flield. Any gamma-ray fleld can be de-
fined by specifying the three following parameters: (1) geom-
etry of the emitting source, (2) the intensity-time variation
of the fleld, and (3) the energy spectrum of the emitted gamma-
rays. Therefore an lnstallation with fixed source geometry
can have dosimeter technliques applled that measure the relative
intensity and the energy spectrum of the emitted gamma rays.
Of the types found 1in praetice, the instrument is generally
designed to measure the lntensity lndependently of the energy

spectrum. The relative intenslity can then be related by



separatermeasurgmentg tqﬂthe_doseﬂrate in the materialsrbeing
irradiated,urThg”tqtal dosage absorbed 1n the material can
then be calculated.

_ Experimental information is available in the literature
which 1llustrates the feasibility of using an organic seintil-
lator f9rmair¥¢qu1va1€p09“éesimeﬁry measurements (5). The
baSiQ_uni?NO?“?a¢1a?i9n_m9a89remen?_?SU?9FA¥9F,f1rm1Y,?Stab:
lished, but one unit which finds wide acceptance is the
roentgen. This unit 1s defined by a certain quantity of ion
pairs formed in air. Therefore, dosimetry based on alr-
equivalence would furnish useful information in quarters where
the roentgen unit is accepted. The most efficient method of
handling the individual seintillations from a crystal is to
optically couple the light energy to Fh¢“9atb996¢9fwémmulti?
plier phototube. In this study this method was utilized.
. A multiplier phototube exhibits a straight line 9héracter:
istic when anode current is plotted against incident light
flux if the ratio 9fwa@°devc9ryeﬁtwt9.to?ai”YQ}tas?;¢%Yi?er
current is 0.1 or less. A}§9ﬁEh?.%n96€wcu???nFmY§:;pot?n§mw
tial between dynode 9 and anode curve is very similar to the
plate current vs. plate voltage curve for an ordinary pentode
vacuum tube. Therefore, by placing a load line on the linear
portion of the characteristic curve, the variations of anode
current would be linear with respect to the incident 1light
flux. The light flux emitted from the scintillator will be
airectly proportional to the impinging fonizing radiation.

Therefore, the anode current could be measured by a VTVM,



and the VIVM could be callbrated directly in rQentgens/houf°
The advantages of this type of dosimeter will be found
in the ease of operation, the production of a permanent record
When a strip-chart recorder is used, the rapld read-out char-
acteristic in an electronic lnstrument, and the ease of cali-
bration. Also the probe can be made to a convenient size and
shape. The sensitivity per unit volume 1is higher than an foni-
gat;ganhampgpi”anqvphgmprgpe may be used in a solution, solid

or other inaccesslble spots.



CHAPTER II

CONSIDERATION OF X AND GAMMA-RAY
RADIATION AND IONIZATION DOSIMETRY
General Considerations

The subject of radiation dosimetry has its origin in the
last years of the nineteenth century when gamma rays and X-rays
then newly discovered, found practical usage in the medical pro-
fession. Both the successful and unsuccessful early uses of
the newly found electromagnetic radiation underlined the neces-
slty for some quantitative measurement of the emanating energy
waves.

Gamma rays and X;rays are forms of electromagneticwradia;
tion, differing only 1n their origins. Gamma rays are pro-
999??”??;?u91e§?;¥?§¢t19n§zuWh??e%§”¥;?%¥§ are caused. by the
excitation or removal of orbital electrons or PYNFPG;??Q?F??a;
tion of electrons.. The technique used by the great majority
of the early workers to measure the intensity of the electro-
magnetic radlation was that of photographic and fluorescence
methods (%), Also, a few chemical and physical methods were
used. . For example, ?ﬁm?ﬁ?}y;?S;}§97;§;m?§§PP?WePtwﬁgﬁgr?;;;
ported showing. the quantity.of heat produced in a metal beam.
when X-ray absorption in the beam was complete. The problems

encountered with the techniques mentioned above have paved



the way for the lonizatlon methods now commonly used in many
laboratories.

It is interesting to note that a period of approximately
thiptyvyears‘passed before_an‘internationally recognized unit
of electromagnetic radlation was accepted. 1In 1928 the
roentgen was introdﬁced as an acceptable method of defining
a gamma and X-ray radiation fileld.

The rapld advance of nuclear technology has now posed
the_problem of measuring the dosage absorbed from sources
other thanvthe X-ray units and radium soufces found in the
medical fleld. It 1s becomlng increesingly necessary to
determine the physical energy deposition in a variety of
medla when 1rradiated by any one of a wide energy range of
guanta, or by any type of lonlzing particle. Currently there
are appearing sophlisticated versions of the earlier chemical
ahd physical methods used for doslimetry purposes. DBut even
routine use in the laboratory. To give an indication of
the extent and nature of the current problem of radiationm
dosimetry, attention is called to Table I (4). Electro-
magﬁetic radlatlon, having energles above a few Kev, lonize
matter by virtue of the secondary electrons released when
they are absorbed. Corpuscular radiations, those emanating
from individual molecular structures, can lonize matter by
elther of two methods. Directly, because they are charged,
or 1lndirectly through charged particles set in motlon by

.¢0lllision processes.



*

W N O W W e

10.

Radiation

Beta Rays
Electron Beams
Gamma Rays
X-Rays

X-Rays
X—Rays'z

Fast Neutrons

Slow Neutrons

Protéh Beams

Alpha Rays

Energy Range

TABLE I

Ionizing Particle

SOME TYPES OF IONIZING RADIATION

Average Range of Ionizing Particle In

Mev In Tissue Low Atomic Number Material
| | gm/cm2 cmiof air at NTP
0.015 - 5 Electron “10-% - 1.0 0.1 - 800
2 - 20 Electron 1 - 10 800 - 8000
0.05 - 2.9 Electron 5 x 104 - 0.6 0.4 - 450
0.01 - 0.% Electron 107" - 5 x 10-3 0.1 - 4
1 - 10 Electron 5x 1072 - 1.2 '30 - 230
10 - 30 Electron 1.2 - 3.5 1500 - 2700
0.1 - 10 Proton 10°% - 6x 102 0.1-145
0.1 ev Mev Protons 10-3 (Protons) 0.8 (Protons)
2 Mev gamma ray) 0.5 EElectrons) 400 (Electrons)
5 - 400 Proton 3 x 10-2 - 102 23 - 8 x 104
5 - 10 Alpha Particle 3 x 10°3 - 10-2 2 -8
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The ionizing .particles have complex energy spectra, and
hence only the order of the mean range 1s given in Table I.
In biological materials which have nearl& unlt density, the
range can vary from about one micron to a few centimeters, or
even to as much as one meter in the extreme case of very-high-
energy protons. Likewise the particle range in air or other
gases 1s an important criterion in the practical realization
of ionization dosimetry. Particularly in the case of gamma
and X-ray radiation, the'air—ionization methods are applicable
where thevsame type of partible empingeé on both the chamber
and the tissue.

It is important to note that a complete specification
of the physieal quality of a radiation fleld must include a
spectrum distribution of energies present. Although for
ﬁany purposes, an exact determination of the radiatidn quality
is not necessary. In such a case, a useful function denoted

as the half-value layer can be defined and used. This func-

tion is defined as the amount of some standard material which
transmits fifty per cent of the inclident radiation. The
effective energy of the beam derived simply from the half-
value layer does not necessarlily colncide with the mean
energy more correctly deduced from the photon energy spectrum.
To 1llustrate this Figure 2 1s presented (4). The effective
energles derived from the half-value layers are 34 Kev and

Tl Kev for radiations which have mean energies of 52 Kev

and 90 Kev, respectively. The deductions from the single

absorption measurement of the half-value layer underestimate
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the mean energy of the radiation.

The intensity of electromagnetic radiation at any point
is defined in its precise sense as the radiation energy in
ergs flowing per second through 1 sq. cm of area perpendicu-
lar to the direction of propagation. This corresponds to a
unit of energy flux. Therefore, the radiation of a given
point 1is completely specified if the photon energy spectrum
and the energy flux are known. An equivalent specification
is the statement of the number and energy of photons flowing
per second through 1 sq. cm perpendicular to the incident
direction. The relationship of the energy flux to the rate
of energy absorption in any particular physical or chemical
system depends primarily on the photon energy and the density
of the absorber (6, 7). The detection and measurement of
any electromagnetic radiation necessarily involves energy ab-
sorption in a practical measuring system. Intensity measure-
ments and dose or dose-rate measurements will be seen to
present very simlilar problems.

It is rather axiomatic, but nevertheless it is to be
emphasized, that radiation can bring about a physical change
in a system only when energy is absorbed from the radiation
field. A chemical or blological effect, however, may also
depend on the spatial distribution of the energy released
along the track of the ionizing particle. Therefore, the
relative effect will depend on the type and quality of the
radiation, and equal energy absorptions of different radia-

tions may not produce equal chemical or blological effects.



The concept of "dose" in terms of a defined reaction of some
standard chemical or biological indicator does.not avoid the
difficulty that doses of different radiations, which are
equal in the defining system, may produce unequal reactions
in other systems. To define "dose" in physical terms, and
to use another factor to allow for the "relative effective-
ness" of different quality radiation seems preferable (4).

The primary physical action of lonizing radiation is
then based on energy absorption. Therefore, the funda-
mental concept of physical dose is the energy absorbed in
ergs per gram of the irradiated material.

As mentloned above, the principle method of dosimetry
has been based on ionization of standard gases, usually air.
Although alr ionization affords only an 1indirect measure
of energy absorption in other media, it has found wide
acceptance and has even lead to a term, "air-equivalence,"
which denotes the dose that an ideal alr-ionization system
would detect. There are two outstanding reasons for the
alr-ionization acceptance. One is the relative ease by
which the method can be accomplished. The other is the
closeness of data obtainable with air and body tissue. This
closeness has also lead to a term, "tissue-equivalent,"
which 1s a measure of the dose that would be absorbed in

tissue.
Units of Absorbed Dose

The original definition of a unit of X-ray dose was

13
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established at the Stockholm Congress of Radlology (1928).
The deflnition is as follows:

‘The roentgen 1s the quantity of X-radiation which, when
the secondary electrons are fully utilized and the wall
effect of the chamber 1s avoided, produces in 1 cublic cm of
atmospheric air at 0°C and 76 cm of mercury pressure such
a degree of conductivity that 1 esu of charge l1s measured
at saturation current.

At the Chicago Congress of Radiology (1937) the orig-
inal definlition was modified, and it 1is still valid, to the
following:

The roentgen (r) shall be the quantity of X- or gamma-
radlation such that the assoclated corpusculgr emission per
0.001293 gm of air produces, in alr, lons carrylng 1 esu of
quantity of electricity of elther sign.

Both forms of wording have left room for discussion
as to the precise quantity which the roentgen 1s intended to
define. What 1s perhaps most significant 1s that an amount
of lonizatlon is defined which, in fact, implies an energy
absorption per unit mass of alr which is almost 1invarlant
with photon energy.

It is not to be expected that the roentgen could apply
without qualifications to the whole range of quantum and
corpuscular radiatlons now avallable. The validity of
the roentgen becomes questionable when the secondary corpus-
cular emission 1s not in equilibrium with the primary quantum
radiation. For example, the roentgen is inadequate as a
statement of the dose at an alr-tissue interface, such as
the skin, where a finite depth must be reached before
secondary electronle equilibrium 1s attained. The difference

between the true energy absorptlon in the surface tissue and

that implied by the roentgen dose 1is unlimportant for X-rays
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generated at potentials up to a few hundred Kilovolts, but
becomes one of considerable magnitude in the case of high-
energy radiations. In order to avoid such difficulties
and to bring corpuscular radiation dose under one and the
same definition, a number of units have been proposed. All
are expressed essentially in terms of energy absorption
without necessarily specifying the type of radiation pro-
ducing 1¢t.

In order to express the total energy absorbed through-
out a volume of irradiated tissue in terms of a unit re-

lated to the roentgen, a gram-roentgen has been defined.

It is equal to the X or gamma ray energy absorbed when 1
gm of alr is exposed to 1 r. The gram-roentgen has a value
of approximately 84 ergs and is almost independent of the
radlation quality. The energy absorption in 1 gm of aqueods
tissue 1s greater than this when 1 r 18 received since the
mass absorptlon coefficients of tissue and air are not
identical.

The roentgen is unsuitable for expressing dose in the

case of corpuscular radiations. Another unit called the

roentgen-equivalent-physical (rep) has been defined to

alleviate this situation. It 1s "that dose of ionizing
radiation which produces an energy absorption of 84 ergs

per cublic cm in tissue." The original cholce of values has
been changed 1n later years to 93 ergs per cubic cm since
this figure represents more accurately the energy absorption
per cubic centimeter of aqueous tissue which has received

a dose of 1 r of hard X-rays or gamma rays. The rep specifies
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a fixed energy absorption per cubic centimeter of tissue, ir-
respective of tissue composition or type of ilonizing radiation.
A unit has been proposed which would correspond to the

energy value of the roentgen for gamma rays. It is the

energy unit. By deflnition 1t is that dose delivered to

tissue by ionlizing radiation such that the energy absorbed
per gram of tissue 1s equal to the energy absorbed per gram
of water exposed to 1 r of gamma radiation.

One important unit commonly used in the field of radio-
active 1sotopes 1s the curle. The expression of the activity
of a particular sample in term of disintegration rate is
insufficient, since for calculations of the dose the desired
quantity is the total energy emitted in the form of A, B, or(
-radiation and the fractions of this energy that are ab-
sorbed. The disintegration rate together with the average
Egand 6'-ray energy becomes the simplest way of expressing
the necessary information. Therefore, in terms of disinte-
gration rate, the curie is defined as the amount of nuclide
which disintegrates at the rate of 3.700 x 1010 gisinte-
grations per second.

For gamma ray energles in the 1- to 2-Mev range, the
roentgen, the rep (93), and the energy unit all imply the
same energy absorption of approximately 93 ergs per gram of
soft tissue. At other quantum energies the rep and the
energy unit no longer correspond to the energy absorption per
roentgen in soft tissue. They are applicable, however, to

any type of quantum or corpuscular radiation, and they imply
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a fixed energy absorption per gram of tissue. The roentgen-

equivalent-man (rem) was defined originally as the dose

which, delivered to man exposed to any ionizing radiation,

is biologically equivalent to the dose of 1 r of X- or gamma
ray. The rem is thus intended to take into account the rela-
tive bilological effectiveness of different types of radiation.

The final terms to be considered are absorbed dose and

rads. Absorbed dose 1s defined as the amount of energy
imparted to matter by ionizing particles per unit mass of
irradiated material at the place of interest. It 1is ex--
pressed 1n rads. The rad is then defined as the unit of
absorbed dose and is numerically 100 ergs/gm. It is to be
noted that the term is "absorbed dose" and not "dose."

In conslderation of the above units the rad refers to
absorbed dose and the word "dose" appears only in conjunc-
tion with the definition of the roentgen, which is retained
on practical grounds for use up to photon energies of 3
Mev. A dose of 1 r implies an absorbed dose of about 93
ergs/gm of soft tissue, or 0.93 rad in the range of photon
energlies from 0.3 to 3 Mev; but the precise value of the
energy absorption depends on tissue composition and, 1in
the lower photon energy range, on the radiafion quality.
The repg3 and the energy unit, however, are both equivalent
to 0.93 rad independently of radiation type and tissue com-
position.

A calculation of the gram-roentgen will show that its

value wlll be nearly constant for all photon energies. The
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charge released by the absorption of one roentgen per 0.001293
gm of air is one esu. The number of ion pairs produced by the
energy absorption is 1/Q, where Q 1s the electronic charge in
electrostatic units. If W is the energy lost by a secondary
electron per lon palr formed in air, the energy represented

by this number of ion pairs is W/Q. The value of W is shown
to be independent of the energy of the secondary electron
except at very low energies (5). The quantity W/Q repre-
sents, therefore, a nearly constant energy absorption per
roentgen for all photon energies. The value of W in air is
approximately 32.5 ev, or 32.5 x Q/300 ergs. Therefore, the
value of W/Q is 32.5/300 ergs. Converting this to ergs per
gram of air, we have Eg = 32.5/300 x 0.001293 = 83.8 ergs
where Eg 1s the energy absorbed per roentgen in one gram

of air. The value calculated for Eg 1s seen to be the

numerical value of the gram-roentgen.

Properties of Gamma and X-Rays

The emission of gamma rays is a mechanism by which the
energy of excitation of a nucleous can be removed. Such
excited states may accompany the decay of radioisotopes, or
they may result from induced nuclear transmutations. The
gamma rays accompanying a particular type of nuclear reaction
are composed of photons with either a single or a group of
discrete energies. Typlcal energles of gamma rays range from
a few Kev to several Mev. The excitation or removal of

orbital electrons, which precedes the production of X-rays,
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may be accomplished in a varlety of ways. The energy released
upon the return of the orbltal electrons to the ground state
appears as X-ray photons. The energy of the photons 1s char-
acteristic of the excited element.

The interaction of X and gamma rays with matter 1s pri-
marily through three mechanisms; namely, the photoelectric
effect, Compton scattering, and pair production (8). Since
nelther X nor gamma rays possess an electric charge, the
detection process must depend on interaction with matter.

The detector itself must be capable of producing interac-
tion with the impinging electromagnetic waves. Familiarity
with the mechanisms named above would enhance the abllity
to understand the various detectors used 1n dosage measure-
ments. In the photoelectric effect, a photon of energy hv
interacts with the atom as a whole. Its energy 1s trans-
ferred to an electron. Approximately 80% of the time the
affected electron is in the innermost, or K, shell. The
electron is ejected with a kinetic energy given by

Exkg ~ hv - Ep (1)
where Ep 1s the binding energy of the orbital electron.
When the electron shell 1s reflilled, one or more char-
acteristic X-rays with total energy Ep are emitted.

In Compton scattering, the primary photon may interact
with any one of the orbltal electrons. The electrons are
considered essentlially as free electrons under the condi-
tion that the primary-photon energy is large compared with

the electron binding energy. The interaction may be analyzed
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as an elastic collision between primary photon and the elec-
tron. The energy is shared between the recoll electron and
the secondary photon. This secondary photon travels in a
direction generally differing from that of the primary photon,
and it is referred to as the scattered photon. At low
energies where the photon energy is nearly equal to or less
than the binding energy, the primary photon may be re-
radiated or scattered with almost the entire energy. 1In

this latter process, known as coherent scattering, the entire
atom absorbs the recoil momentum; since its mass 1s large,

it receives negligible energy from the photon.

In pair production the primary photon disappears, and
its energy goes into the rest-mass energy and the kinetic
energy of the positron-electron palr which 1is produced.

The absorption of X- and gamma rays may be studied
through the measurement of thelr transmission through ab-
sorbers (8). If one uses an arrangement similar to Figure
3 to measure the intensity of the beam which reaches the

detector, the relationship indicated 1s obtained.

I/Io = e”ud (2)
where I/I, 1s the fraction of the photons remaining in the
beam after passage through an absorber of thickness d. 1In
the processes which remove photons from the beam, each ab-
sorbed photon 1s eliminated individually in a single event.
Since the number of photons eliminated from the beam
in traversing a distance dx through the absorber is pro-

portional to dx and to the number of incldent photons,
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the exponentlial function results. The quantity u 1s known as
the total linear absorption coefficient. The coefficient
measured by the arrangement in Figure 3 includes both the
true absorption of photons and the scattering from the col-
limated beam. This coefficient is referred to as the "narrow
beam" coefficient. Its value is greater than that which
would be measured by an arrangement in which scattered
photons could not reach the detector. The total coefficient
u can be expressed as

u=T+3S + K (3)
where T, S and K represent the partlal absorption coef-
ficlents due to the photoelectric effect, Compton effect,
and pair production, respectively.

The most widely used unit for specifying the inter-
action of X and gamma radiation with matter 1s the roentgen.
As mentioned above, the roentgen 1s defined as a unit based
on the affect of X and gamma radiations on the air through
which they pass. The measurements of the energy dissipated
by 1lonizing radiation in a material rests on the Bragg-

Gray principle. It states that the amount of ionization
produced in a gas cavity serves as a measure of the energy
dissipated in the surrounding material (8). This procedure
relies on the assumption that the gas cavity 1s traversed

by the same flow of corpuscular radiation as exists in the
material under consideration. It 1s important to remember
that the roentgen unit applies only to X and gamma radiations

in air. Any extension of this definition to allow application



to other radiations or media must be carefully scrutinized.
When considering interaction with matter, the principal
quantity of interest is dE/dm, the energy absorption per
unit mass. Since the mechanism for transfer of energy from
radiation to matter involves the ionizing processes caused
by the primary radiation, lonization-cavitles have played a

central role in the measurement of ionization.

Determination of Dose in Roentgens

The determination of dose in roentgen units requires
the measurement of an ionization current under saturation
conditions. The electric field between the electrodes of
the lonization chamber must be sufficient to collect all the
lons without recombination, but not so strong that the
moving ions produce further lonization by collision proc-
esses. In alr at atmospheric pressure, ionization by col-
lision 1is unlikely at field strengths less than 3000 volts/
cm. For dose rates normally used in clinical and experi-
mental work with X and gamma rays, saturation conditions are
achieved with collecting field strengths well below this
level. When saturation conditions do not hold, recombination
may occur in two ways: (1) by "initial" or "columnar" re-
combination between ions along the tract of the ionizing
particle; (2) by "general" or "volume" recombination between
ions from neighboring tracks. Columnar recombination de-

pends on the density of ionization along the particle track
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and is not itself influenced by dose rate (4). Volume re-
combination, however, is dose-rate dependent, since the dose
rate controls the number of tracks per unit volume. Of course,
the relative importance of the two phenomena in relation to
the efficiency of lon collection varies with the nature of

the radiation, the dose rate, and the gas pressure in the
ionization chamber. For atmospheric air ionized by X or

gamma rays, recomblination is almost entirely due to volume
recombination processes.

An examination of the definition of the roentgen shows
that the ionization which 1s produced by all the secondary
electrons ejected from a known mass of air 1s consildered.
These electrons produce some ionization outside the reglon
in which they receive thelr energy. In order to apply the
definition to obtain the dosage in roentgens, it is neces-
sary elther that this lonlization be collected wherever it
1s produced or that it be compensated for by an equal amount
of ilonization which enters the region in question.

For absolute measurements based on the roentgen unit,
the free-air standard chamber may be used. Such a chamber
is shown in Figure 4. This chamber provides compensation
for the corpuscular emission which leaves the sensitive
volume of the chamber before producing all its ionization.
This compensation is made possible by establishing arti-
ficial boundaries on the chamber by means of guard rings.

Thus the "wall" of the chamber is composed of air, and any
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loss of corpuscular emlission from the active volume of the
chamber is compensated by gain from the air "walls" of the
chamber as long as the secondary electrons from the small
central volume are completely absorbed within the air of the
chamber.

As the energy of the X- or gamma-ray photon increases,
so does the size of the standard ionization chamber. This
condition arises since the air "wall" surrounding the sensi-
tive volume of the chamber must have a thickness greater
than the range of the secondary electrons. By the Bragg-
Gray principle, this difficulty could be circumvented
through the use of an ideal solid wall of material with the
same chemical composition as the air. Such a wall is re-
ferred to as an air-equivalent wall. Small alir-equivalent
chambers are known as thimble chambers. An air-equivalent
wall can be approximated by using a material with a mean
atomic number near that of alr. Bakellte, lucite, and other
plastics are sultable materials for this purpose. The
surface of the plastic is ordinarily coated with colloidal
carbon to give it the conductive properties necessary for
electrodes of ionization chambers. For other wall materials,
both the magnitude of the ilonlization in the alr volume and
its energy dependence will differ from those with an air-
wall chamber (6, 7).

It has been shown that some organic crystals exhibit
"air-equivalence" qualities when irradiated with gamma rays

whose energy is between 0.2 and 3.0 Mev. (5). This facet



of organic scintillators is to be used in this study. The
scintillator can be optically coupled to a multiplier photo-
tube to form a radiation detector. A scintillation detector
has the desirable characteristics of high intrinsic sensitiv-
ity and enormous range. Also the physical size required of
an ionization chamber to measure low values of radiation is
sometimes a problem. With a scintillator, the physical con-
struction of the detector can generally be varied to satisfy
the necessary spatlal configuration.

The primary purpose of this instrument 18 to serve as
a dosimetry tool for measurements of the gamma ray field
emanating from spent Materials Testing Reactor fuel rods.
After a "cooling off" period of from one to three weeks
these rods decay with the principal radiation being a 0.7
Mev gamma ray (9). From Figure 5 it is seen that the in-
strument can be used equally well to measure dose rate
from ngo3, 05137, Ra and 0060.

To obtain a crystal which responds in a manner equiv-
alent to air, the absorption of the primary radiation in-.a
given thickness of the crystal must be proportional to the
absorption of the primary radiation in an equivalent thick-
ness of alr. Therefore, the term "air-equivalence" is
taken to mean proportionality between the energles absorbed
in a given thickness of crystal and the energies absorbed in
an equivalent thickness of air. In general, the absolute
values of the energies absorbed will be quite different. To

determine the air-equivalent energy range for scintillation
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materials, calculations of the ratio of the energy absorbed
per second in the scintillation material, I, to the energy
absorbed per second in air, D, have been made (5). For ideai
air equivalence, I/D must be independent of the incident gamma
ray energy. Reference to Figure 6 points out that for gamma
energy between 0.2 and 3.0 Mev a thin crystal of anthracene
maintains true ailr-equivalence. It 1is also noted that as
the crystal thickness increases the energy band of true air-
equivalence becomes more narrow. For dosage measurements to
an accuracy of approximately 5%, it appears that an anthracene
crystal of a few centimeters thickness may be regarded as alir-
equivalent over a small energy range. While Figure 6 is
plotted for anthracene, it has been shown that the curve
holds equally well for a varlety of other compounds composed
of carbon and hydrogen. Because all these compounds have
their majority weight in the form of carbon, they sometimes
are grouped Into a general classification, and labeled CgHs.
Some of these compounds are napthalene, stilbene, diphenyl
acetylene, terphenyl, and polyvinyltoluene (5, 10).

The average secondary-electron energy in anthracene
is approximately 1.0 Mev. for the gamma-rays from Na2k (5,
11). The maximum range in an organic scintillator for elec-
trons of this energy 1s 3 mm. Therefore, the secondary
electrons initiated in the last 3 mm of a crystal have a
finite chance of leaving the crystal before all their energy
is absorbed.

To compensate for this loss of secondary electrons, a
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plece of Bakelite 3 mm thick may be placed on top of the
crystal. The experimental results for this arrangement are
shown in Figure 5. The Hagn data are now seen to be in good
agreement with the theoretical prediction of true air-
equivalence. Those secondary electrons produced in the
Bakelite that enter the front face of the crystal compensate
for the secondary electrons leaving the crystal back side.
For the N324 gamma rays an lncrease in dosage intensity was
observed as the thickness of the Bakelite was increased from
O to 3 mm. For thicknesses greater than 3 mm, the intensity
slowly decreased due to absorption of gamma-rays and as-
sociated secondary electrons in the Bakelite.

The maximum range of the secondary electrons in an
organic scintillator is approximately 1.5 mm for the 0060
gamma-rays. Since Figure 5 was originally plotted with the
crystal covered with a thin cardboard light shield and
aluminum foil, the addition of Bakelite did not appreciably
increase the observed intensity.

The loss of secondary electrons by leakage depends on
the crystal thickness as well as on the energy of the inci-
dent gamma-rays. Figure 7 shows the percentage loss of
secondary electrons as a function of crystal size for the
Naau gamma-rays. It shows, as expected, that 1f the volume
from which electrons can leak out becomes small in comparison
with the total volume of the scintillator, the percentage
loss becomes negligible. This curve was obtained using

plastic scintillators of various thickness and 2.6 cm
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Glameter. The data for Na®* were compaved with those from
19wer energy gamma-ray sources fpr which the»electron_leakage
is pegligible even for small crystals. vThereeref when
measuring gamma-ray sources with energies above 1.0 Mev,
a thin scintlllator must be covered by a sultable amount of
alr-equivalent material to maintain secondary-electron equil;
ibrium.

Figure 5 shows the ratio I/D for gamma ray beams from a
collimated source. The measurements of I/D have been re-
peated with uncollimated sources, and the results are shown
in Figure 8 (5).

Since the crystal is not truly air-equivalent (Figure 6),
the change in average gamma ray energy (primary plus scattered
radiation) will affect the I/D values in two ways. A reduc-
tion in average gamma ray energy willllower I1/D for low-
energy gamma rays (Hg203, I131l) and will reduce leakage loss
for high-energy radiation (Na2%). The cs137, Ra, and cob0
results remained unchanged since they lle on the plateau of
the alr-equivalent energy region, and leakage loss 1s neg-
ligible for these sources and the crystal specified.

From the tube characteristies of the RCA 931-A MPT
it is readlly seen that a linear relationship exists between
anode current and total divider current 1f the ratio of
divider current to anode current is greater than 10 (Figures

9 and 10). Also the anode-to-dynode 9 voltage vs. anode

current curves display linear anode current change to linear

changes in the 1ncident light flux on the cathode. This
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suggests that by proper selectlon of circult parameters an
ipstpument can be designed_that_will have a linear response

to incident gamma rays on an organilc scintillator. The

design of such an instrument is desciribed in Chapter IV.



CHAPTER III
SOME REPRESENTATIVE METHODS OF DOSIMETRY
Objectives in Dosimetry Measurement

In the study of gamma radliation effects on matter, 1t
1s mandatory to establish the intensity of the impinging
electromagnetic energy. The establishment of this quantity
must be made perilodically due to its decrease through
radioactive decay. The half-life of the gamma emitting
source will determine the freguency of intensity measure-
ment. It 1s seen that ease of performing the measurement
is of considerable importance when the frequency 1s high.
Also of paramount importance 1s the need for accurate and
reproducible measurements.

In general laboratory work 1t would be diffieult, if
not lmpossible, to examine 1indlividually a system of dosim-
etry to exactly duplicate the interaction of the gamma
radliation with the specific matter under consideration.
Although this would be an 1deal system, an infinite number
of systems would have to be devised. The apbroach used 1in
practice 1s to examine a particular location which is re-
lated emperically to the lrradiated location 1in question.
By the relationshlip which exists, both the intensity and

the resulting interaction with matter at the desired
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location can be determined. It 1s to be emphasized that the
relationship, being emperical in nature, must be carefully
used so as not to violate the inlitial conditions of the

equality.

Dosimetry Techniques Described

‘To 1llustrate a few of The systems now being used 1n
X and gamma radlation dosimetry, a brief description of the
salient features of the following methods is given:

1. Ceric Sulfate Dosimetry - The reactlion which
takes place 1is a reduction of cerlc to cerous
ions (1). The amount of reduction is related
to total dosé absorbed.

2. Ferrous Sulfate Dosimetry - An aqueous'solu-
tion of ferrous ilons will be oxidized to fer-
ric ions when subjected to lonizling radiation
(1). The amount of oxidation is related to
total dose absorbed.

3. Glass Dosimetry - Most glass undergoes changes
which can easlly be measured as a result of
irradiation (12). Optical-absorption and
luminescence changes are most applicable to
dosimetry.

4, Photographic Film Dosimetry - Photographic
film is the oldest radiation detector for
determining total radiation dose (13)., Photo-
graphic high-level dosimetry (104;108r) has
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been made possible by the photographie print-
out effect; 1.e., the photolytic reduction of
silver without development.

5. Electrostatic Dosimetry - The potential differ-
ence between a silvered quartz rod and an outer
chamber is made equal to the voltage between
the center électrode and outer shell of a
thimble ionization chamber (8). After the ion
chamber has been 1lrradiated, the change from
the resultant voltage on the thimble to the
voltage originally set 1s measured by the
quartz rod deflection. The measurement 1is a

 function of the total dose absorbed in the
thimble.

6. Electrodynamic Dosimetry - A steadyAD-c cur-
rent 1s collected when a cylindrical chamber
with a coaxial center electrode has a D-C
potentlal impressed on 1t in the presence of
a radiation field (2, 8).

Cerlic Sulfate Dosimetry

When an aqueous solution of ceric sulfate 1s irradiated
by gamma radiation, a reaction occurs which results in reduc-
tion of ceric ions (Ce4+) to cerous ions (Ce3+). The yleld
has been shown to be 1ndépendent of photon energy from about
100-KV X-rays to 2-Mev X-rays (1). Dose rates appear to
have no effect on the yleld from approximately 1/2 r/sec to

500 r/sec. 'The qgquantity of cerlc sulfate, and therefore
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cerie 1oh concentratipn, to be used per unlt volume is deter;
mined by the total dose to be measured. The cerous lon con-
centration is determined by the difference between inltial
and final ceric concentration. Therefore, 1t}is obvious
that it will be advantageous to begin the determination
with as low a ceric ion concentratlion as possiﬁle since the
difference between two large numbers 1s beilng taken.
| Ceric lons have a light absorption maximum at 320 mil-
limicrometers in Hp304 solutlion. The absorption band is
narrow and requires experimental location on each individual
spectrophotometer. Quartz cells and a hydrogen lamp are
usually used with a slit width of 0.5 mm. The cerous yleld
1s obtalned by noting the difference between pre-irradiatlion
and post-irradiation readings on the solutlon. For total
dose measurements less than 5 x 102 rads, the accuracy of
this system ls approximately + 20%. Between 5 x 102 and
2 x 108 rads the system 1s accurate to + 5% of indlcated
dose.

Ferrous Sulfate Dosimetry

Ferrous lons contalned in an aqueous solution will be
oxidized to ferric lons when subjected to lonizing radia-
tion. The oxidation vield has been shown to be lndependent
of original ferrous ion concentration from 10-2 to 4 x 10-5M.
Also the yield has been shown to be independent of quantum
energy for 100-KV X-rays to 2-Mev gamma rays. Dose rates
from 1/50 r/sec to approximately 200 r/sec seem to have no

affect on the amount of yield. Ferrous lons (Fe2+) are
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readlly avallable in the form of ferrous ammonlum sulfate,
which can be recrystallizédgn The exact conceﬁtration of“
ferrous lons need not be known slnce only the ferrlc concen-
tration wlll be determined.

Ferric ions have a. light absorption maximum at approxi-
mately 304 mumeters. It 1s found that the absorption peak
- 1s quite broad and therefore 1s not extremely sensitive to
wavelength changes 1n the spectrophotometer. It 1s possible,
indeed this method is used, to determine the amount of iron
oxldized by using the non-irradlated sample as a reference
and compare the optical density of the irradiated sample to
the reference. The iron oxldatlon is dependent upon oxygen
concentration and therefore the yleld is different‘for
aerated and deaerated solutions. The reaction 1n aerated
solutlions, which are more convenient to use, consumes‘bxygen
ﬁp to total doses of approximately 50,000 rep. At\fhis
point all the original oxygen in the solution will have been
consumed (1). It is not to be recommended that this dosimeter
be used to measure total doses greater than 50,000 rep.

Glass Dosimetry

Optical-absorption and luminescence changes in glass
are most applicable to dosimetry. The advantages of glass
as a dosimeter materlial include ruggedness, shelf-life
stabllity, stabllity of radiation-induced changes, repro-
duclbility, low cost, and capability of being manufacturéd
in practically unlimited size and shape. The dose range

covered by existing systems is from 1 rad to 5 x 106 rads.
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Calibration against a standard is necessary for direct dose
readings. The ébsorpt;on change”in_silver-aetivated“phos;
phate glass is very useful in the dcse range from 103vto 3 X
105»r-ads° In this range a linear relation is found between
dose and change 1in absorption. A boro-silicate glass has
been developed that shows linearity of response up to 106
rads with high sensitivity and good stability. As a result
of the work done for the Quartermaster Food and Contalner
Institute, the Quartermaster Corps is glving serious con-
sideration to the use of glass as a secondary standard for
its food-irradiation program (12).
Photographic Film Dosimetry

Because of 1ts sensitivity, ordinary photographic film
has been confined mainly to the measurement of small doses,
usually less than 1 r. Photographlc high-level doslimetry
has been made possible by the photographle print-out effect;
l.e., the photolytic reduction of sllver without development
(13) . The advantages of print-out dosimetry are simplicity,
_non-direetional response, no need for processing, instan-
taneous indlication of the integral dose received and low
cost. Photographic print-out emulsions do not require wet
proeeséing; l.e., developlng and fixing, as do standard
photographic negatlve and posltive emulsions.

A print-out emulsion contalns excess silver lons, which
deposlit on the siftes where silver ions were reduced to silver
by light absorption. 1In a normal photographic emulsion,

there are no excesgss silver ions. 8Silver 1s reduced and
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deposited by the ¢ata1ytic reaction of the @eveloper from the
silver-halide crystal_at the latent-image specks that are
formed by light absorption. This reactilon with»theudeve;oper
represents an enormous amplification factor (greater than 109),
thus explaining the greater sensitivity of normal emulslons as
compared with print-out emulsions.

The sensitivity of any photographic emulsion 1s constant
for energies higher than 0.6 Mev. Below 0.6 Mev, the response
of any photographlic emulsion increases with decreasing radiation
energy, and therefore a separate calibration for each energy
is needed.

Ordinary commerclial X-ray film can also be used for high-
level dosimetry. Photolytic print-out silver 1s formed on
these films by gamma ray exposures in the range of 104 to

108 r. No rate dependence for 0060

exposure over the dose
rates of 2 x 102 to 5 x 102 r/hr is observed. One specific
factor to consider in the print-out process 1ls temperature
of the fllm. To enhance accuracy the film temperature must
be held constant to within + 10°C of callbration temperature.

Electrostatic Dosimetry

An eleétrostatic dosimeter generally consists of a
cylindrical condenser-type lonization chamber. With a poten-
tial Vo connected to the electrodes of the chamber, the re-
sultant charge Q will be given by

| Q =C Vo C(B)
where C 1s the capacity of the chamber. If the applied voltage

1s suddenly removed, the charge Q will be left on the chamber.



If a mechanism for charge transportation exists between the
two electrodes, a change in chapgeélq will occur which re-
sults in a change of voltageAv. A high quality ion chamber
will allow appreciable charge transfer only under the
influence of ionizing radiation. In some particular cases

a certain amount of charge will be transferred by insulation

leakage 1n the chamber. This usually 1is negligible.
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It is clear from the above considerations that to measure

the change in voltage caused by impinging radiation the

measuring system must remove negligible charge to effect an

accurate measurement. If the lon chamber is to be physically

removed from the voltmeter, the capaclitance of the volt-
meter must be negligible compared to the capacitance of the
chamber. The gold-leaf electroscope will satisfy all the
conditions outlined above. In fact, one of the original
instruments used to measure the ionizing properties of
nuclear radiation was an electroscope. A quartz-fiber
electroscope has been developed that has many advantages
over the original gold-leaf electroscope. It is more com-
pact, less dependent on position, and more portable. As a
result of its lower electrical capacity and delicate fiber,
it 18 more sensitive. The sensitive element consists of a
fine metallized quartz fiber, the metal film usually being
either gold or silver.

A typical electrostatic dosimeter is described by
Victoreen (8). It consists of an ion chamber and a charger-

reader. The chamber is charged by inserting it in the
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charger-reader unit and_pressing the bptton which connects an
internal_power supply across the chamberaf The charge-reader
uses a metalllzed quartz rod for charge read-out. Following
the charging process, the chamber is removed from the chargerf
reader and exposed to the radiation field under consideratlion.
After exposure, the chamber 1s reinserted into the electrom-
eter , the latter having been first fully charged. The
charge which remains on the chamber 1ls measured by the elec-
trometer, the deflectlon of the string belng proportional to
the lonization within the chamber. The scale of the elec-
trometer can be calibrated in roentgens thus permitting direct
determination of absorbed dose. |

Electrodynamic Dosimetry

By measuring the instantaneous lon current formed in an
ionization chamber with a constant voltage applied, electro-
dynamlic doslimetry can be performed, Certaln other conditions
must be met to calibrate this type of doslimeter in roentgen
units. One very fundamental and extremely important condi-
tion 1s the conslderation of the ionization caused by all of
the secondary electrons formed in a glven mass of material.
It i1s readlly seen that thils conslideration can easily be
violated at an interface of two dissimilar materials.

Due fo the motiom of the secondary electrons they can pro-
duce some lonizatlon outside the reglon 1n which they receive
thelr energy. For example, conslider a secondary electron
formed on the inslde wall of an aluminum ion chamber. It is

possible that the electron will travel into the wall of the
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chamber thus giving up 1its energy to thg_wallvand”contripgtipg
i1ts original energy. In order to apply the definlition of the
roentgen, it is necessary either that all lonization be eol;
lected whenever it 1s produced or that it be compensated for
by an equal amount of lonization which enters the region in
question.

For absolute measurements based on the roentgen unit,
the free-air standard chamber (air-wall ionization chamber)
may be used. This chamber provides compensation for the
corpuscular emission which leaves the sensitive volume of
the chamber before producling all its ionization. This com-
pensation is made possible by establishing artiflcial
boundaries of the chamber by means of guard rings. Thus,
the "walls" of the chamber are composed of alr, and any loss
of corpuscular emission from the active volume of the chamber
is compensated by gailn from the alr "walls" of the chamber
aé long as the secondary electrons from the small central
volume are completely absorbed within the air of the chamber.

As the energy of X- or gamma-ray photons increases, so
does the size of the standara lonization chamber. This con-
dition arises since the alr "wall" surrounding the sensitive
volume of the chamber must have a thickness greater than the
range of the secondary electrons. By the Bragg-Gray principle,
this difficulty could be circumvented through the use of an
actual wall of solid material with the same chemical composi-

tion as air. Such a wall is referred to as an "air-equivalent"
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wall. Mm}air—equivalent_wall_is approximated by using a )
material with a mean_atomic“numbér near that of air. Bakelite,
lucite, and other plastics are suitable materials for this
purpose. The surface of the plastic must be coated with a
conducting material to serve as electrodes. It is important
to recognize that for other wall materials both the magn;tude
of the ionization in the wall and its energy dependence will
differ from those with an air-wall or am alr-equivalent wall
.chamber. When atmospheric air at STP 1is conSidered to con-
tain approximately 79% nitrogen, it is seen that the atomic
number of‘air—equivalent walls should be close to 7. Other
sultable materials are given by Marinelll with theilr cor-

rection factor relative to air-wall (6, 7).



CHAPTER IV

A WIDE-RANGE ATR-EQUIVALENT INDICATING
GAMMA RAY DOSTIMETER

Any instrument used in the fleld of measurement is char;
acterlized by its resolving power; i.e., 1ts ability to separate
characters which are closely related. 1In the case of elec-
tronic instruments the characters are usually represented by
numbers on a panel meter, images on an oscilloscope,for sepa-
ration on a recorder chart. One method of improving resolu-
tion commonly in use 1is "scale expansion." By expanding the
scale in the region of interest at a particular time, it is
not difficult to obtalin three figure accuracy. The expanded
portion of the scale should be as linear as practical to
Insure equal resolving power over the scale.

In the case at hand, the measurement of radiation dosage
1s necessary to give information about the energy transfer
in a chemical reaction. Therefore, the actual operation
should be as simple and straightforward as possible. To
this end, there should be a minimum number of controls to
operate and the data should be directly available with no
intermediate steps or correction factors to apply. Also
when range switching 1s implied, an indication should be

given. A dosimeter that is capable of constant surveillance
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of a fileld can be calibratedwin dose rate and greatly aid in
the mapping of a large field, It is possible to map a field
in approximately the same time it takes to determine the
dose rate of one location with a thimble ion chamber or a
chemical dosimeter. The advantages of thls rapld mapping

technlque are obvious.

Typical D-C Amplifier Characteristics

A D-C amplifier, referred to also as a direct-coupled
or dlrect-current amplifier, plays a very important role in
industrial electronics. Such amplifiers find extensive use
in analog computers, D-C voltmeters, oscilloscope deflec-
tion amplifiers, geophysical amplifiers, biologlical instru-
ments and numerous other applications. The method of
Interstage coupling in this amplifier is such that extremely
- low frequencies can be amplified with a large gain. -The
coupling 1is characterized by a direct-current conduction
path from the plate of one tube to the grid of the following
tube. |

An elementary form of a D-C amplifier 1s shown in
Figure 11. There are several disadvantages to this form
of amplifier. First, it requires a voltage E¢ that 1s in
serles with the slignal, and also nelther terminal of the
battery 1s grounded. Secondly, nelther end of the output
impedance 1s at ground potential. The most serious dis-
advantage of this amplifier 1s the changes of output level

for a constant input Signal, sometimes called "zero drift."
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This drift is due in part from the fact that the characteris-
tics of the various tubes in the amplifier change with age.
Also the plate and heater voltages may have a tendency to
change with time. These changes may be regarded as a

type of noise or modulation of extremely low frequency. The
changes in the forward end of the amplifier are particularly
serious since thelr change will be amplified by the suc-
ceeding stages. This drift must be cancelled by some method
for satisfactory operation of the circuit. Several tech-
niques are available including manual and automatic poten-
tiometer adjustment of a "zero" control, balanced circuits,
highly regulated and filtered power supplies, and modula-
tion or carrier methods (8, 14).

A balanced circult is shown in Figure 12. This circuit
1s adjusted by varying the potentiometer P to glve zero out-
put voltage between the plates when the input 1s shorted to
ground. The positioning of P 1s normally adjusted manually,
but circuits have been published that ﬁtilize a servo system
to position P periodically. The amplifier output signal is
used as a null-balance error signal. This circult incorpor-
ates two tubes that are matched with respect to changes in
plate voltage and heater voltage. Therefore, any change in
either potential will effect both tubes equally and the net
effect on the amplifier will be zero. Tubes used in a
balanced circult must be matched as closely as possible to
insure that the affect of fluctuations in heater and plate

potential be reduced to a minimum. One example of a tube
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that is manufactured for use in these circults is the Western
_Electr“ic_»5755° It is especially designed to have low thermal
nolse, low drift due to the tube aging, and its response to
changes in heater and plate voltages 1s closely controlled in
the manufaetgring process.

In the measurement of D-C currents less than_10‘8 amperes
by electronic means, Specially constructed tubes are neces-
sary (15), This is because of the grid current that will
normally flow in a standard vacuum tube. The grid current
is due mainly to gas molecules in the bulb being ionized by
the emitted electrons of the cathode. A number of electrom-
eter-tube circults have been developed to circumvent.this
problem. It is to be emphasized that this type circult is
for measurement of D-C currents. Of course, most current
measurements, by electronic means, are made by forcing the
| unknown current through a known resistor and measuring the
resultant voltage drop. It 1s readily seen that in small
current measurements this technique will be unsatisfactory
if normal grid current of a standard receiving type tubé is
allowed to flow in the circult. Therefore, the necessity of
the electrometer circuits. A simplified electrometer input
clrecult is shown in PFigure 13. As with the balanced triodes,
the electrometers are frequently found in a balanced configura-
tion. One circuit that has been used with good'reéults is a
balanced bridge circuit (8). |

Carrier D-C amplifiers have important advantages over a

conventional balanced amplifier (14). The D-C inmput signal
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is flltered in a low-pass fllter and then converted into an
A-C signal. The A-C signal 1s of cpnstént frequency while
the amplitfude 1s proportional to the D-C voltage inputo The
A-C sigpal is amplified by‘an A-C coupled amplifierou The
A-C Qutput 1s converted back to a D;C slgnal by the reverse
process used in the original conversion. The BP-C signal is
passed through another low-pass fllter to obtaln the resultant
D~-C output. This operation 1s shown in Figure 14. The input
band-width 1is gsually limited to some frequency less than
one-half the carrier frequency. Also, the band-width of the
output low-pass fllter must be made less than the frequency
of the carrier, otherwlse the carrier will appear in the
output. | .

The major advantage of a carrier amplifier 1s the ease
of amplification of the 1lnput signal; i.e., the use of an.
A-C amplifier, and the reductlion of zero drift. One dis-
advantage that is felt 1in practice 1s the cost and fragile
nature of the mechanlcal carrier generator, commonly called
a chopper. One important consideration when a high-gain
A-C amplifier is used 1s whether to use make-before-break
or break-befbre—make contacts. If the input clrecuit will
allow the use of make-before-break, this configuration
should be used since switching transients will be lntroduced
otherwise and can cause osclllations. When break-before-make
choppers are used, it is usually necessary to use separate
input and output choppers for isolation due to the capacitance

between the contacts in an 1Individual chopper.
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| The D-C voltage measurement in this study is made with a
chopper type‘amplifier with inte;nal‘negative feedback,> $his
selection was made due to the consideration of minimum panel
controls and the random operatlonal periods of the lnstrument.
In random operation all D-C ampliflers except the chopper
type exhibit a substantial short-term drift for approximately
one hour. Thlis dictated the use of a chopper amplifier since
the 1lnstrument would be turned on and off as many as three

or four times in an eight-hour period.

Amplifier and Detector Performance

The D-C amplifier used in this study utilizes a break-
before-make type chopper. The carrier frequency is 60 cps.
Due to the high driving impedance (approximately one megohm),
the make-before-break type chopper could not be used. In the
latter type the dwell time of the movable arm on both contacts
is aﬁout 5% of the driving frequency. This would short
circult the driving impedance to such an extent that 1t would
load the source and give an erroneous output voltage. It
was found that the chopper and assoclated input network
caused a 3.55% reduction of the detector output signal. This
corresponds to a DP-C input impedance of 27.5 megohms. To
smooth any transient surge currents from the MPT a 0.5 mfd
capacltor was shunted across the input; l.e., MPT plate load
reslistance.

From Flgure 15 the output voltage for each range, or

decade of intensity, can be obtained. The range switching is
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5
accomplished with S1. The various range input resistors can
be}calculated with the aiq of Figure 15. At an 1ntensity of
1 r/br there is an input potential of 8 millivolts. As will
be seen from the output eircult discussion, this is to indi-
cate 104 of f.s.d. of the panel meter., Also from Figure 15,
an output potential of 80 millivolts corresponds to an
intenslity ef 10 r/hr. Therefore, the f.s.d. of the meter is
equivalent to an input voltage of 80 millivolts. Also, it is
noticed that the voltage output is a linear function of the
incident radiation. .The meter can‘then‘be calibrated to
read directly in r/hr.

A two-tube low galn voltage amplifier with a cathode
follower output is used for the amplifier network of the
instrument. Figure 16 shows the schematlic diagram. The
input into Vi1 1s through a high-pass R-C flilter which has an
8.3% sag. To ald in linearity of the output signal, two
tubes are used so that the grid voltage swing will be kept
to a small value. A feedback loop consisting of Rf, Cf, Ry
and Ci 1s incorporated to give a more desirable frequency
response. The open loop gain at the fundamental frequency
(60 cps) is 204%. The closed loop galn also at the funda-
mental frequéncy 1s 130. V31 and Vo are conventlional R-C
coupled self-bilased voltage amplifiers. A relativelj large
value of coupling capacitor is used to ald in the coupling
of the low frequency components of the chopper square wave
input.

With the compensating network Rf and Cf removed, the
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amplifier frequency response 1s as shown in A, Figure 17. The
fe§p9nse curvelis‘as expeqted for an R;C amplifier of this
type.i The compensatlion network CeReCy and Ry are qualitatively
explained as follows. Consider curve C. It is seen that the
response_atvlo cps 1s relatively 1ndependent of the compensa-
tlon network. This 1s due to the ineffleclent signal bypass
of Cy. The reactance of Q) at this low frequency 1s such that
negative feedback due to Ci of sufficient magnltude 1s intro-
duced so that the feedback éf the CrRf network can be neglected.
This assumption has been verified both by ealculation and ob-
serving the waveform at the cathode of V3. As the frequency
1s inereased, it is noticed that the gain goes through a
maximum and then decreases continually as the frequency 1s
Increased. ;

There are two important considerations that cause this
behavior. Actually both effects are due to the feedback, or
compensatiom network. At low frequencles the capacitor Cr is
a high reactance, and therefore most of the available feed-
back signal voltage at Po will be dropped across Cy. Al-
though, there will be enough voltage passed to cause a nega-
tive feedback effect across the cathode impedance of Vj.

Since the reactance of Cy is much smaller thanm Ry at the fre-
quencies in question, consider the cathode impedance to

consist of only Ck. It has been found both theoretically and
experimentally that the feedback voltage of the cathode of V3
goes through a maxlmum in the region of 150 cps. This maximum .

i1s not obvious from curve €, but the effect of the negative
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feedback 1s readily seen. For the serles loop ReCr the "break”
frequency is calculated to be 145 cps. The "break" frequency
for a Cg of 0.08 and 0.36 ufd are found to be 90 and 200 cps,
respectively. Thils effect 1s seen from curve D and C. The
compensation network, theréfore, has the adVantages of nega-
tive feedback only in the range of frequencies from about

30 cps to 500 cps. This is important, however, since the
fundamental frequency to be passed is 60 cps. The importance
of this is obvious when the meter circult is examined.

The compensation network 1s now consldered at high fre-
quenclies. If the high frequency equivalent cifcuit of Vo is
drawn, 1t is seen that the plate impedance of Vo 18 a func-
tion of frequency. As the frequency 1s 1lncreased, the plate
load of Vo 1s decreased, causing a varlable gain amplifier.

- Therefore, the amplifier galn is seen fto deerease wlth an
Increase in frequency. Two immedlate advantages are ob-
tained with thls type response curve. The first 1is the |
efficiency of the demodulator. This 1s discussed later.

The second 1s the reduction of the possibllity of oscil-
lations in the amplifier chaln as a result of using a break-
before-make chopper. The chopper movable arm has a 10% no-
connectlon eycle for each cycle of the driving voltage.

Thlis open clrcults the input grid of the amplifler and is
vefy conducive to triggering osclillations. The osclillatlons
that occur are generally in the hlgh frequency range, 10 KC
to 500 KC. With the variable gain of this amplifier, it is

unusually difficult to sustain an oscillatory condition.
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Curve E and curve F are the open and closed loop response
curves for a Cyp equal to 2 mfd.

The meter, or output, circult consists of a mechanical
clamping circuit, an L-C low-pass filter, and a IOQ/Jamp panel
meter with its current limiting resistor. The output circuit
1s driven by a cathode follower. The cathode resistor is
tapped, and the grid return resistor is tied onto the tap to
allow a symmetrical output signal. The cathode follower pro-
vides both power gain and impedance match in its role as the
output tube. The output chopper contacts are mechanically
ganged to the input chopper contacts. This gives synchronous
output since both sets of contacts are driven by the same
coll. The low-pass filter 1s used to filter out any carrier
or carrier harmonic which may be present after rectification.
Also, the filter smooths the D-C and prevents surge currents
from damaging the meter. A 100 ohm resistor is placed in
series with the output meter to drive a 0-10 millivolt null-
balance recorder.

As noted above, there 1is considerable ambiguity in the
defining of the amount of energy transfer from a radiation
field to matter. When a particular type of matter is con-
sidered, such as hydrocarbons, various parametric equations
can be derived relating the standard units such as roentgen
to the energy absorbed in the given matter (9). It has been
shown that an organic scintillator can be used as an air-
equivalent absorber if certain conditions are met (5).

Since the roentgen unit is defined as being proportional
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to energy absorbed 1n air, an organic scintillator should be
Qbserved to have_scintillatiqn propertles that can be directly
correlated to roentgen units.

Organic scintillators are readily availabie in both the
liquld and the solid state. The liquid seintillator has the
advantage of rapld replacement 1f it becomes damaged 1n some
manner. Its princlpal dlsadvantage 1s the necessity of having.
a sultable container mounted on the multiplier phototube (MPT).
The solld sclntillator has the advantage of belng easy to
machlne to varlous forms, and 1t 1ls relatively lnexpenslve.
Due to the experlimental techniques necessary to determine the
proper amount of scintlillator to satlsfy the deslgn criterion,
a solld scintillator in the rod form was used in this study.
This enabled a rapld evaluation of various amounts of sclntill-
‘lator. The rod 1s 1 inch in dlameter, and slices of the rod
were cut off and polished to a smooth finish. Wafers of 1/4,
1/8, and 1/16 inch were used in this study.

The particular sclintillator used was furnlshed by Nuélear
Enterprises Ltd. It 1ls thelr NE102 plastlc phosphor. The
ma jor éomponent in the scintillator 1s polyvinyltoluene. The
material 1s very simllar to common polystyrene. The suppller
states that the phosphor has been subjJected to very large
amounts of radiation in a nuclear reactor at Harwell, England,
and no damage 1s to be expected at levels or 10% r/ar. An
RCA 931-A multiplier phototube was chosen to be used with the
Scintillator. The photocathode of the 931-A 1s rectangular
in shape with sides 15/16 x 5/16 inch. Therefore, when a
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suitable 1 inch lucite light-pilper was mounted on the 931-A
envelope, there was complete coverage of the photoeathode
ingduring good light-collection efficiency.

The scintlillation wa@ers were Jjoined to the light-piper
with Dow Corning 200 fluld with a viscoslty index of 100,000
at 25°C. Likewlise, the light-piper was joined to the MPT
envelope with the fluld. To minimize the leoss of secondary
electrons from the scintillator, an aluminum cup was fabri-
cated that would both prevent secondary electron loss, and
serve as a holder for the wafer. The cup has a 1 inch in-
side diameter so that the waver and the light pipe could be
8lid into its cavity. The walls and bottom of the cup were
1/16‘inch thick. Also the inslide walls were polished to a
smooth, glossy finish tb aid in scintillation reflection.

The RCA 931-A has an S-4 response curve; 1.e., the
photocathode is most sensitive to energy of wavelength equal
to 4000 Angstroms. This 1s particularly well sulted to the
NE102 phosphor which has 1ts maximum emissive peak at 4500
Angstroms. The 931-A 1s down 10% in sensitlvity on both
sides of 4000 A, so it 1s seen that good energy coupling
1s achieved with this combination. The maximum anode cur-
rent of the MPT 18 1 milllamp. Therefore, for satisfactory
lifetime and operating stabllity the average D-C current
should be derated by a faetof of tenoﬁ Thlis 1s one of the
deslign factors to be met when selecting the proper size
phosphor wafer. Probably the outstanding characteristic of

a MPT is 1ts current gain. The 931-A with a supply potential



of 835 volts has a nominal current gain of 200,000. From
Figure 9 it is seen that the output section has voltage-
current characteristic curves simllar to a pentode; i.e.,
constant current over a wide range of operating potential.
These characterilistic curves also point out the linear rela-
fionhlp between anode current and inclident light flux. Also
the tube exhibits a linear relationship between anode current
and total divider current when the anode current is less than
0.1 of divider current.

By averaging the anode current and taking its D-C value,
a correlation of D-C anode current to incident radiation was
made. Remembering the constant-current output character-
istics of the MPT and that the maximum anode current is
limited to 100 microamperes, an anode load resistor was
chosen such that at maximum anode current the anode-to-dynode
9 voltage would be 80 volts. This value of voltage is still
in the linear range of the characteristics. Writing the

anode-dynode 9 loop equation and solving for Re

Vg-a + Ia (Re + R1) = IBR] (5)

where Ig = lma
Ry = 200 K

Vg-p = 80 V
Ig = 109}&&

_ 200V - 80V - (1004.a) (0.2M)
B 100,12
100V 1 Megohm

Re = 1002
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With the plate load resistor determined for conditions of maxi-
mum anode current, the experimental determination of the proper
scintlillation wafer was made. It is seen from Figure 9 that
a light flux of approximately four microlumens 1s needed to
give IOQ/La anode current. It was found by cut-and-try pro-
cedure that both the 1/4 and 1/8 inch thick wafers were too
large; i.e., at the maximum intensity of 104 r/hr that they
would force the MPT to deliver greater than 109/La.p1ate cur-
rent. The 1/16 inch wafer, however, was quite satisfactory
and from Figure 15 it 1s seen that the maximum anode current
is 80;;&. This allows a 20% safety factor in maximum current
output thereby giving an added degree of stablility to the
detector. The slope of the output voltage vs. incident
radiation for the 1/16 inch wafer is seen from the graph to
be very close to unity. The slope of the curve for the 1/8
inch wafer was found to be 0.847, which shows that excessive
anode current will violate the normal linear relationship of
anode current to incident light. The detector schematic

diagram 1s shown in Figure 18.

Results

The results of this study were very satisfactory. The
detector-amplifier combination performed very well, and the
operation of the instrument 1s very simple. The detector
output circuit used in the final model was designed after the

first scheme to measure the differential anode current in the
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YMPTVproved unsatisfactory. The first method consisted of
measuring the anqde-to—ground potential pf the MPTmat_a ref-
erence intensity. Next a "bucking-out" potential equal to the
anode-to-ground potentlal 1s lnserted 1n series, but with op;
posite polarity, with the amplifier Input terminals. This
would result in zero input voltage atvthe reference intensity
and the potential would then change with a change in anode
current, assuming the "bucking-out" voltage remained constant.
There were inherent inaccuracles in this technique since a
small differenée was belng detected between two large poten-
tials. This scheme gave way to the one now belng used, and
this method works very well. The detector 1s coupled to the
amplifier ané high-voltage power supply through approximately
50 feet of coaxial cable. No detrimental effects were ob-
served by using such a long signal path. The MPT high-
voltage 1is supplied from a V-R tube regulated power supply.

The amplifier has performed very well in this study.
The maximumbdeviation from linearity is 1% at maximum signal
input. The short-term equivalent input drift was found to
be less than_i 80 (iv/hr. Long-term equivalent input drift
1s no more than 1;40/av/hr. There 1s no noticeable effeect
from amplifier nolse. The time constant of the instrument
is approximately 0.03 mseec. Two amplifiers were bullt and
both.exhibited essentlally the same charaeteriétics;

The presentation of the intensity can be observed on a
panel meter and recorded om a 0-10 mv recorder. The read-

out is basically the same as a center-zero metér,' The maln
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difference i1s the shifting of the balance polnt to the normal
lo%apoint on a conventional 0-100ua meter. The right side,
’0r_positive side, of the scale has been expanded; and the
negative sidé, or left side, has been defined as an invalid
reading. At zero, or background radiation, the meter will
always read to the left of the 10% reference point on all
ranges, assuming background 1is less than 1 r/hr.- This indi-
cates that the radiation field is less than 1 r/hr. Any
reading to the left of the reference calls for a range switch
to the next more sensitive scale. Therefore, on range 1 if
the meter reads to the left of the reference point, this
indicates a field of less than 1 r/hr. It 1s beyond the
capacity of this Instrument to detect and display an intensity
less than 1 r/hr. It must be emphasized that in an unknown
field the instrument must be initlally set on the least
sensitive range; i.e., range 4, to prevent overloading of
the amplifier and possible damage to the meter. Then pro-
gressive switehihg to more sensitive ranges can be made to
determine the intensity of the field.

The calibration of the detector was performed emper-
ically. A Landsverk thimble ionization chamber and charger-
reader system was used to determine the intensity along a
straight line directed away from the center of the source.
The ion chamber was placed on a ring stand at a level of
331 inches off of the floor to reduce the possible effects
of localized shileding. After the intensity was determined
at 15 points along this line, an intensity vs. distance



curve was plotted. An aluminum ilonization chamber 2 inches
in diameter, 6 inches long, and with % inch thick walls was
then moved along the known intensity path; and the resultant
ion current was measured. This ion current vs. distance
graph was plotted. A plot of ion current vs. intensity
could then be made. This graph provided a quick check of
the approximate intensity of any random point. Due to the
small changes in current for relatively large changes of
intensity, the lon chamber had poor resolving capabilities,
although the ease and speed of approximate determinations
is very desirable.

The accuracy of the calibration of the ion chamber is
rather poor at the lower levels of intensity. The detector
output voltage was measured with a VIVM of approximately
200 megohms input impedance. This insured no loading across
the 1 megohm output resistor. The exact position of the
fuel elements, ion chamber, and detector was exceedingly
difficult to determine. The fuel elements were on a plat-
form suspended in a water bath by four steel cables. To
position these in a vertical plane there are four angle
brackets, one at each corner of the platform, which run
from the lower to the upper limit of the vertical travel.
The cables are wound on a spool to raise the platform to
the desired height. It was found in the low level range
that a thirty degree change in the spool rotation caused a
fifty per cent change in intensity. Therefore, the calibra-

tion of the low range is good only to a first approximation.

This is illustrated in Figure 15.
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CHAPTER V
SUMMARY AND RECOMMENDATIONS

In the study of radiation chemistry 1t is important that
the amount of energy transferred from the radiation field to
the irradiated matter be known. There are currently a variety
of energy transfer units in use, all defined as an amount of
energy absorbed from a radiation source. The oldest, and
perhaps best known 1s the roentgen. It can be crudely de-
fined as the amount of gamma or X-rays necessary to produce
1 electrostatlie unlt of charge at standard température and
pressure. It has been shown that an organic scintillatlon
phosphor will absorb energy from a gamma ray field in a
manner directly proportional to the amount that would be
absorbed in air (5). When a scintillator absorbs gamma ray
energy, thls energy is emitted from the phosphor 1n the form
of light photons. Therefore, light photons can be produced
in a manner directly proportional to the gquantity of energy
that would be absorbed in alr. From the definltion of the
roentgen, the number of light photons emlitted per unit time
can be correlated to a value of Intenslty of the radlationm
fleld; i.e., roentgens/hr. It is emphasized that the in-
tensity given in r/hr..is not a measure of energy absorbed
in any matter other than alr. To correlate the energy ab¥

sorbed in other matter, the chemlical and physlcal properties

68
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of the matter relative to alr must be considered. Nevertheless,
the intensity of the fleld given in r/hr. is of considerable
value. |

_ Using the principles outlined abovg, an 1nstrument was
designed, fabricated, and tested to measure the intensity of
spent reactor fuel elements. These fuel rods emlt gamma rays
with a wide range of energy values. The principal gamma ray
emitted has an energy value of 0.7 Mev. The scintillator
response 18 iIndependent of the impinging photons energy from
0.2 to 3.0 Mev. The light photons from the scintillation
crystal are optically coupled to a multiplier phototube.

The anode current of this tube 1s averaged, and the voltage
~drop across 1ts plate load resistor 1s fed lnte a D-C ampli-
fier. The anode current varies linearly with incldent light
flux 1f excessive current 1s not dellvered from the tube.
The instrument was desligned to cover the range of intensity
from 1 r/hr to 104,r/hr. There are four ranges, one range
for each decade of intensity. The intensity of the imping-
ing radiation on the defector is displayed on a panel meter.
A 0-10 mv recorder output 1s also provided. The 1instrument
has proved to be very sensitlive and rellable. The ease of
operation and interpretation of the data are also attractive
features ofbthe instrument.

It 15 recommended that the following items be consldered
in the use of this instrument:

1. To enhance the ease of operation, a high-

voltage power supply should be bullt into
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the samengabinet‘with the_amplifier, ,The,,
power supply should have_good regulation to
insure that no high-voltage changes occur
during the measurement of a field.

A MPT with 1ts cathode on the end; e.g.,

an RCA 5819, would greatly help in coupling
the light photons from the scintillator to
the MPT cathode. Also, if the sclntillator
1s removed, it would be easier to relocate

1t on its original position. If a small

MPT were used, the detector package could

be greatly reduced in slze, which would be

a definité advantage in some cases.

To determine the effectlive lifetime of the
scintillator and MPT, it would be desirable
to run long~term studlies on the damage

caused by large exposures in a radiation
fleld. Preliminary investigation indicates
that this damage is slight, but qualitative
information 1s not avallable at present.

The calibration used in this study left
something to be desired. A Landsverk thimble
ion chamber was used as a primary standard.
This 1s a tedious and laborlous process, and
the absolute accuracy ls poor. Chemical dosim -
etry is considered accurate to + 5%, but it is
also very difficult to obtalin the many check‘



polnts needed to calibrate such a wide-range
lnstrument. In the callbration of future
models, an lnvestigatlion 1into different
calibration technlques would be deslirable.
On two Qf the tests with the detector in

a fleld of approximately 8 x 103 r/hr, a
decrease from the 1inltial reading of ap-
proximately 8% was noticed. This decreas: :
has not been studlied 1n detall. It 1is
thought that the MPT might be exhlblting
some cathode fatlgue as thlis was noted only
in the latter stages of testing. If this
i1s the case, 1t 1s possible that before the

next operation the cathode had restored 1ts

| electron emltting pﬁoperties. The manufacturer

states that slight cathode fatigue can be
overcome 1f the tube 1s left out of service

for a period of time.

. Due to the off-set reference polnt in the

meter eircult, the range switching could be
made automatlie with a minimum amount of mod-
ification, This would ald in the operation
when the instrument 1s to be used to survey

intenslties that vary over wide ranges.
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