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plete, we must simultaneously describe both the radiation
“shower” and the nature of the photons or particles of
which it is comprised. We may use such units in de-
scribing a shower as photons-per-second or particles-per-
second falling on a given area, or, if we are concerned
with the density of the shower, may use photons-per-
cm2-per-second  or partides-per—cmﬁ-per-second. The
energy of the individual photons or particles may be
specified in any convenient unit of energy: ergs, joules
or watt-sec, etc. We may refer to the energy density of
the beam in ergs-per-cm2-per-sec or watts-cm2. Through-
out this article we have met at various times a unit of
energy which has come to be commonly applied to pho-
tons or particles. This is the electron-volt, from which is
derived the mega-efedranwolﬁ, equal to one million elec-
tron-volts. One electron-volt is the energy acquired by
an electron when it is accelerated through a potential
difference of one volt. In terms of ergs, it is 1.60 x
1012 ergs. The abbreviation of the electron-volt is
“ev,’” and, of the mega-electron-volt, “Mev.” In speak-
ing of the “mega-electron-volt, we prefer not to be
formal, and usually just pronounce the letters of the ab-
breviation (“em-ce-vee”). When we sometimes read in
newspapers that atom-smashers have produced, for ex-
ample, “300 million-volt particles," that doesn't mean
that if we were struck by one of those particles we would
be blasted the same as if we were struck by a 300 mil-
lion-volt bolt of lightning. It just means that the particle
had an energy of 300 Mev (3 x 108 x 1.60 x 10712
— 4.80 x 10 ergs); on the scale of which we live,
this is a negligible amount of energy; on a swbatomic
scale, however, this is a pretty hefty amount of energy
for a particle to carry around with it.

Most of the units for the exact description of a beam
of radiation fall in the province of the physicist rather
than that of nucleonics technician, who is more apt to
be concerned with the effects produced by a beam of
radiation. We could probe this aspect of the subject of
nuclear units more deeply, but it does not secem neces-
sary. The facts for us to retain are that a beam of radia-
tion is analogous to a shower of raindrops, and that both
the radiation "showers” and the nature of the "rain-
drops” (photons or particles) must be described for com-
pleteness. We should, however, have an intimate speak-
ing acquaintance with the electron-volt and the Mev.

When our attention js focussed on the effects produced
by a beam of radiation, we measure the “amount” of
radiation by units describing these effects, chiefly ioniza-
tion. Three units become our concern, the roentgen
(abbreviated 'r”), the roent gen-equivalent-physical
("'rep”), and the roentgen-equivalent-man ("rem”). In
all these units we are interested in the effects produced,
and do not so much care about the physical characteris-
tics of the radiation which produced these effects.

The first of these, the roentgen, may be properly ap-
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plied only to X- or y-radiation (remember this). It was
named after the pioneer German scientist who first ob-
served X-rays. The roentgen measures the dose of radia-
tion received. It describes the “punch” of all the X-rays
or y-rays received during a certain period of exposure
as measured by ability to ionize air. When we come to
formal terms in defining the roentgen, we have to use
a complicated and apparently clumsy definition, solely
because we are dealing with a unit which involves so
many variables. One roentgen is that quantity of X- or
v-radiation which, under specified standard conditions,
produces one electrostatic unit of electric charge of either
sign in one cubic centimeter of dry air. Since one e.s.u.
of electric charge is equivalent to 2.083 x 199 ion pairs,
and, on the average, 32.5 ev of energy is expended to
form each ion pair, it turns out that one roentgen cor-
responds to the expenditure by the radiation of 85.8
ergs-per-gm of dry air in the process of the ionization of
that air. It is a little different to see just what a roentgen
means. It is best to think of the roentgen as a weasure
of radiation dosage, as measured by the ability of the
radiation to ionize air. In other words, a person who has
been exposed over some period of time to one roentgen
of X- or y-rays has received a sufficient number of X-
or y-ray photons during that period such that, if on¢
cubic centimeter of dry air had been exposed to these
photons under standard conditions during that or some
other period of time, ionization by the production of
2.83 x 10 ion pairs would have occurred in that sample
of air. Seems complicated, doesn’t it? Well, anyway,
we are “measuring” X- or v-radiation in terms of the
effects it produces, It may help to use our rainfall
analogy. Suppose we take a water-absorbent material
like wood. We may measure how much the rainfall has
“wet” or dampened the wood by the amount of water
it has absorbed (grams of water absorbed per cubic
centimeter of wood, if you like). Then (neglecting
e"ﬂPOMUOH), if rain falls in a shower during a certain
period of time on a certain plot of ground, we might
say onc¢ “roentgen” of rain has fallen on that plot
of ground if the amount of water which fell would
have “wet" one cubic centimeter standard sample of
wood to a specified dampness had it fallen on the
sample. This analogy is not as foolish as it may appear
at first glance. Just as the amount of water which would
have produced the specified dampness in our standard
sample may fall on the plot of ground in one sudden
downpour, or may fall in a slight drizzle over a longer
period of time, so one roentgen of X- or y-ray radiation
may be received in a short burst of great intensity such
as from the primary blast of y-rays in an aerial atomic-
bomb detonation, received in less than one millisecond,
or a slow spray of weak radiation such as leakage from
an X-ray machine, received over a period of years by a
dental technician. Just as the rain may fall in several

showers, one roentgen of X- of y-radiation may be ac-
cumulated during several exposures. Just as the “roent-
gen” of rain may fall in the form of a fine mist or of
large raindrops, so one roentgen of X- or y-radiation
may be received by exposure to low-energy (“soft”)
X-ray photons, or to very energetic (“hard”) y-ray pho-
tons. Just as the rain may fall on one small section of
the plot of ground or be distributed over the whole plot,
s0 one roentgen may be received by local exposure to a
very small area of the body (cancer X-ray therapy, for
example) or exposure to the whole body (the maximum
peace time industrial tolerance of 0.1 roentgen per 24-
hour period is based on fofal body radiation, it will be
remembered). It will be noted that the definition of
the roentgen said nothing about the quality of the radia-
tion producing the specified ionization, or the period of
time during which the ionization occurred,

The roentgen gives an integrated or cumulative meas-
ure. This is just the kind of a measure we need to esti-
mate external hazards, for, within limits, the factor de-
termining the hazard of external exposure to v-radiation
is the tota]l amount of radiation received, and the period
of time during which exposure occurred is of much less
importance. Therefore, cumulatively-recording radiac
equipments such as electroscopes are often calibrated 1n
roentgens or derived units like milliroentgens, (1000
milliroentgen =— 1 roentgen). Incidentally, the milli-
roentgen is very common in radiac specifications.

The roentgen (or occasionally the rep or rem) is often
combined with a unit of time measure to specify the rate
of radiation. Thus we often encounter the reentgen-per-
hour and similar units.

The roentgcn-cquivalent-physical is the "punch” of
the ionizing radiation received during the period of ex-
posure, measured in terms of the ionization produced in
tissue, rather than in air. Unlike the roentgen, it may be
applied to ionizing particles (a-rays, [-rays, neutrons,
ctc.) as well as to X- or y-rays. One roentgen-equiva-
l<-‘l‘1t-physical is that quantity of ionizing radiation (elec-
tromagnetic or particulate) which dissipates by ioniza-
tion in tissue the same energy which would be dissipated
by one roentgen of X-rays in ionizing air (83.8 crgs-per-
gram of dry air). The relation "1 rep of phatons = 1r
of photons,” sometimes stated, is only approximate.

The roentgen-equivalent-man  (or mammal) is the
“punch” of the ionizing radiation received during the
period of exposure, measured in terms of the biological
effect produced by the ionization, rather than in terms
of the ionization itself. One roentgen-equivalent-man is
that quantity of ionizing radiation which produces the
same biological effect in human tissue as would be pro-
duced by one roentgen of X-rays in the tissue. It may
be applied to particles. We have no data on human be-
ings, of course, so researchers have extrapolated biologi-
cal effectiveness in mammals to apply to man, and our

data has been obtained from experiments on mammals.

To review these units, the roentgen is a measure of
X- or y-radiation dosage as measured by its ability to
ionize air. The roentgen-equivalent-physical, which may
be applied to X-, y-, or particle-radiation, is a measure
of radiation dosage by its ability to ionize tissue (using
the ionization-energy of X-rays in air for comparison to
evaluate this ability). The roentgen-equivalent-man,
which may be applied to X-, y- or particle-radiation,
is a measure of radiation dosage as measured by its
ability to produce a given biological effect in human or
mammalian tissue, as compared to the biological effect
of X-rays. All are different ways of evaluating radia-
tion dosage in terms of the effects produced.

We have specified the units which measure nuclear
radiations, but have yet to look at the units for measur-
ing radioactivity,

The curie measures the “radioactive activity” of mem-

. bers of the radium family of naturally-radioactively-dis-

integrating elements. Such eclements include radon,
polonium, and many others. When radium is in radio-
active equilibrium with its disintegration products, just
as many radon atoms are disintegrating per second into
polonium as radium atoms are disintegrating into radon.
One curie of radon is the amount of radon in radioactive
equilibrium with one gram of radium under standard
conditions. It corresponds to a rate of radioactive disin-
tegration of 3.7 x 1010 atoms-per-sec. The curie was
defined for radium, but has been officially extended to
other members of the radium family. We may, then,
consider the curie as that weight of a member of the
radium radioactive family which disintegrates at the rate
of 3.7 x 1010 atoms-per-sec, The curie has often been
“promiscuously” applied to radioactive substances out-
side the radium family, but confusion and error have fol-
lowed, so the tendency of official standardization com-
mittees is to recommend the restriction of the curie to
the radium family,

With the growing use of artificially-radioactive iso-
topes, it has become necessary to have a unit available
which will describe the activity of substances outside the
radium family. The proposed unit, which seems to be
acceptable all around, is the ratherford, defined as that
weight of the substance which decays at the rate of one
million atoms-per-sec. It is abbreviated “rd” to distin-
guish it from the roentgen ('r’").

The radioactive “hotness” or strength of a sample of
radioactive material cannot be completely specified by the
number or curies or rutherfords—these units merely de-
scribe the rate at which atoms are disintegrating, but say
nothing about the energy or other characteristics of the
emitted particles or radiations. For this purpose (radio-
active "hotness” or strength), at least for y-ray emitters,
the unit sometimes employed is the roentgen-per-hour-
at-one-meter (abbreviated 'rhm'™)
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Two units often used with equipment capable of de-
tecting the arrival of individual particles or photons are
the coxnt (cumulative), and the corresponding rate unit,
the count-per-minute. They are or can be employed with
proportional counters, and Geiger-Mueller tubes. They
furnish no information about the energy content or
quality of the radiation; moreover, unless the counter has
an efficiency of 1009, so that all particles arriving are
recorded, they do not even give the true picture of the
number of particles which have entered the detector
or the rate of entry. In G-M tubes, for example, some
of which have efficiencies of the order of 999 for
B-rays but only 19, for y-rays, a count of 1000 per-
minute with the shield in place to exclude B-rays may
actually mean that 100,000 y-ray photons arrived in one
minute instead of the 1000 indicated. For a-rays, the
counts-per-minute is a fairly accurate statement of the
rate of particle incidence. In general the counts-per-min-
ute is a relative measure for the particular G-M tube and
associated circuits used; with a different counter and
the same source, the counts-per-minute will be different.

For this reason, standard sources of known strength
should be used for calibration,

As has been described, the subject of nuclear units is
in a state of flux, but the convenience and widespread
use of the above units bid fair to establish them perma-
nently in our list of physical units.

Table 4 lists the various units mentioned.

Representative Navy Radiac Equipments

Thus far in this discussion of nucleonics we have de-
scribed the structure of the atom, natural radioactivity,
and nuclear fission; we have surveyed the hazards of
nuclear warfare; we have discoursed at some length on
the types of nuclear radiation detectors and the physical
phenomena involved in their operation; and we have
considered the various nuclear units in common use. The
question naturally arises, “What actual radiac equipments
is the Navy employing at this time?”

As was mentioned before, nucleonics is so new and
its military application so sudden that much solid effort
is being put forth to design radiac apparatus adapted for

Table 4—Nuclear Radiation Units

Quantity

Unit Abbreviation

Energy "“quality” of radiation.!

Energy of individual photons or par-
ticles in Mev or ergs.

Mev per photon
(example).

Energy density of radiation.’

Energy-péer-unit-area-per-unit-time

Mev/cm®-sec

(such as six 2-Mev photons per-cm®- (example).
per-sec.).
Relative number of particles or photons | Count (G-M tubes; relative only). count
which have entered the chamber
and been detected.
Relative rate of arrival of individual | Counts-per-minute (eg. in G-M tubes; | counts/min
particles and photons. relative only, depending on individ-
ual tube).
Quantity of radiation in terms of ioni- Roentgen, restricted to X- or y-rays. r
zation in air (air ionization dosage).
Rate of air ionization dosage. Roentgens-per-unit time, r/hr for example
Quantity of radiation in terms of ioni- Roentgen-equivalent-physical (any ion- rep
zation in tissue (tissue ionization izing radiation).
dosage).

Rate of tissue ionization dosage.

Roentgen-equivalent-physical per unit-
[ time.

rep/hr

| Quantity of radiation in terms of physi-
I ological effect in ionized tissue
(physiological ionized dosage).

Roentgen-equivalent-man (any ionizing | rem
radiation ).

Rate of physiological dosage in irradi- | Roentgent-equivalent-man per unit- rem/hr
| ated ionized tissue. time, E
I Radioactive strength of a source. Roentgen-per-hour-at-one-meter. ! rhm
— e = Ny S
| Quantity of radioactive material Curie, e
I (radium family ) —activity. |
g Dot i IR 7 ; P Ll O B S R N S W
| Quantity of radioactive material (of | Rutherford. rd

any kind)—activity,

'Two units must be specified simultancously to describe a beam of radiation; one descriptive of each
ray. and one describing the distribution of these rays in the beam. The two units listed are examples of

the type of units employed.

Navy application and few are available for field use.
Consequently, most of the present radiac devices are
commercially-available units, It is expected, however,
that before long various Navy-designed apparatus will
make its appearance in Navy field applications.

Radiac equipment is electronic in nature, and falls
logically into the Navy system for design, maintenance,
distribution, and use of electronic gear. Cognizance of
the technical design of radiac equipments is almost en-
tirely a responsibility of the Bureau of Ships. The mani-
fold details of supply and maintenance are to be handled
on the same basis as those for radio, radar, and sonar
equipments and components are now. Radiac equip-
ments, for instance, have “parts peculiar” and “parts
common,” and have a place in the AN nomenclature sys-
tem (the AN/PDR-5 is an example). Radiac equip-
ment becomes another type of gear for which the Elec-
tronics Officer must, at least to some extent, assume
responsibility,

Compared to radar sets or radio transmitters, most
radiac equipment is electronically relatively simple. A
few principles such as we have been reviewing are in-
troduced, but these are chiefly associated with the detec-
tion components, and are principles which can be readily
understood, A background in electronics, such as is ac-
quired from the training and experience of Electronics
Officers or informed enlisted personnel, is a good prepa-
ration for the study of nuclear physics. Every nucleonics
technician and every Electronics Officer should have a
good understanding of the basic phenomena to be en-
countered in this branch of the physical sciences.

In general, the repair of radiac equipment can be ac-
complished with the aid of common electronic test equip-
ment available at present at electronics repair shops. It
is realized that certain special components, such as sub-
Mminiature tubes, Geiger-Mueller tubes, and very-high-
megohm resistors cannot be thoroughly checked with
existing test equipment; as an interim measure, however,
it is recommended that the ‘“check-by-substitution”
method be applied when such components fail or are
thought to be defective.

In the first listing of radiac equipments in Supplement
1 (Jan, 1948) to the Catalogue of Naval Electronic
Equipment, NAVSHIPS 900,116, the following radio-
logical terms are defined:

Charger, radiac detector—A device for providing an

electrostatic charge to a radiac detector. May include

means for measuring the amount of charge.

Com puter-indicator, vadiac—A device which performs

the combined function of computing and indicating

radiac data.

Computer, radiac—A device which receives informa-

tion from a radiac detector and does one or more of

the following: scales, integrates, or counts. Does not
indicate.

Densitometer—An item specifically designed to meas-
ure the optical density or opacity of material,
Detector, radiac—A device that is sensitive to radio-
activity or free nuclear particles and provides a reac-
tion which can be interpreted or measured by various
means.
Indicator, radiac—A device which displays radio-
activity detection, identification, or computation in-
formation.
Radiacmeter.—A device specifically designed to detect
and indicate radioactivity. May or may not include
radiac computer.
Radiac set—All the components and items required
for a complete radioactivity detecting and measuring
system. May or may not include operating spares or
the following items: electron tubes, fuses, cable as-
semblies, power sources, etc.
Transmitting set, radiac data—All the components
and items required to detect radioactivity and trans-
mit radioactivity data as modulation on a carrier. May
or may not include operating spares, or the following
items: electron tubes, fuses, cable assemblies, power
sources, etc,

The radiac equipments described below are not all the
equipments available, by any means, but they do give a
representative picture of the types in use at present.
Some of these equipments may have been supplemented
by newer and better ones by the time this article is pub-
lished, but they were chosen to illustrate types, and to
show how the principles of radiac implementation are
applied, rather than to list all the up-to-date equipment
available.

Electroscopes

A typical pocket electroscope or dosimeter is the
AN/PDR-3A radiac set. Consisting of two units, the
Radiacmeter IM-9A/PD and the Radiac Detector-
Charger PP-311A/PD, it measures y-ray dose. The
radiacmeter is a pocket electroscope or dosimeter in the
shape of a fountain pen and provided with a clip for
fastening to the clothing of the wearer. At one end is
an optical eyepicce and at the other a removable dust
cap with a transparent window. The working mecha-
nism consists of a phosphor-bronze wire frame and a
quartz fiber. A scale is provided, calibrated in milli-
roentgens, and is read by holding the meter up to the

light and looking into the eyepiece. The radiacmeter is, .

of course, of the integrating type in which the cumu-
lative exposure to y-radiation over a period of time is
measured by the position of a charged quartz-fiber which
shifts as its charge is neutralized by y-ray ionization.

The Radiac Detector-Charger PP-311A/PD is a box-
like unit made of black plastic, and may be used to
charge any number of IM—9A /PD Radiacmeters. It con-
tains one 1.5- and eight 22.S-volt dry cells. Mounted
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Pocket dosimeter electroscope and chargers for
gamma radiation (AN/PDR-4).

on top is a charging socket, an ON-OFF switch, and a
potentiometer’ for varying the charging potential. The
range of the AN/PDR-3A Radiac Set is 0-200 mr.

The AN/PDR—4 Radiac Set for y-radiation is similar
to the AN/PDR-3A, except that the pocket chamber is
non-indicating and the measuring device is contained in
the charger instead of the dosimeter. It consists of the
Radiac Detector DT-16/PD and the Radiac Detector-
Charger PP-316/PD.

lonization-Chambers

The IM-3/PD Radiacmeter is a portable high-range
survey equipment of the sealed ionization-chamber de-
sign which indicates the rate of incidence of y-radiation.
It employs three sub-miniature tubes, and provides visual
indication of the rate by means of 0-20 microammeter.
Self-contained batteries render it independent of external
power supplies. Ranges are 0-0.2, 0-2.0, 0-20, and
0-200 r/hr.

The IM 5/PD Radiacmeter is a portable ionizalion-
chamber type equipment with a pistol grip handle for
convenience in hand-held B- and y-radiation survey
work. The dosage rate is indicated by an integrating
0-20 microammeter. A 147 Bakelite slide is used to

Portable ion-chamber survey meter for alpha, beta-,
and gamma-rays (IM-4/PD).

screen out B-rays. With the slide out, the meter reading
measures 3- and y-radiation combined, while y-rays alone
are indicated with the shutter in position. A Type
VX-32 sub-miniature electrometer tube is utilized in the
electronic amplifying circuit. The ranges of the equip-
ment are 0-4, 0-40, 0-400 and 0-4000 mr/hr.

The IM-4/PD Radiacmeter allows a- as well as -
and y-rays to be detected. It is the usual air-ionization-
chamber type equipment with electrometer tube (Type
VX-32) amplifying circuits. Two shutters or slide win-
dows are supplied for separating a-, 8-, and y-rays. The
range for a-particles is 0-6000 and 0-60,000 disintegra-
tions per minute. For y-rays or 8- and y-rays combined,
the range is 0-4 and 0-40 mr/hr.

Geiger-Mueller Tubes

The convenience of Geiger-Mueller tubes and the rela-
tively powerful impulse received from the detector tubes
has justified the inclusion of many G-M tube types in this
discussion.

The CP-37/PD Radiac Computer-Indicator, in con-
trast to the equipments already presented, indicates the
relative strength and relative dosage rate in terms of
particle or photon counts-per-minute. It is used in con-
junction with G-M tubes, and employs scale-of-two elec-
tronic computing circuits. By means of a selector switch,
the operator may cover the range of from 2 to 4096
counts/min in powers of 2. Neon interpolating lights
are provided. An external power source of 115 volts,
a.c., is needed,

The IM-12/PD G-M counter is a detector with au-
ral indication provided by light-weight high-impedance
head-phones.  Of small size and weighing only two
pounds, it may be slipped into the pocket and carried
about by the operator, leaving the hands free for other
work. The usual screcning slide is provided.

CY-648/UDR-3

1D~241/UDR-3
RADIAC INDICATOR

DT-22/UDR-3
RADIAC DETECTOR

CP-42/UDR-3
RADIAGC COMPUTER

TD=I7/UDR-3
TIMER AMPLIFIER

PP-328/UDR-3
POWER SUPPLY

DT-23/UDR-3
RADIAC DETEGTOR

el

Beta-gamma, Geiger-Mueller detector for simul-
taneously checking the hands and feet for radioactive
contamination.

Radiac Sets

The low-intensity AN/PDR-5 Radiac Sct is one of
these. It consists of the IM—1/PD Radiacmeter and
H-39/U Headset. Headphone and microammeter indi-
cation are provided. A single G-M tube is seated in the
detector probe, which is connected to the rest of the ap-
paratus by a flexible cable. A y-,B-distriminating shield
is furnished, as is customary. Radiacmeter 1M~-_1/PD has
a carrying handle. The range is 0-0.2 mrt/hr, 0-2.0
mr/hr, and 0-20 mr/hr.

For measurement of y-radiation underwater, an equip-
ment such as Radiac Set AN/UDR-2 may be employed.
It also measures the radiation in counts per minute. It
consists . of Radiac Detector DT-21/UD and Radiac
Computer-Indicator CP-39/UD, connected by a suitable
four-conductor cable up to 220 feet in length. The de-
tector is a heavy, brass probe with a low-voltage external-
quench G-M tube and associated quenching and amplify-

Portable, beta-gamma, Geiger-Mueller tube type
radiac set (AN/PDR-5).

Beta-gamma, Geiger-Mueller tube designed to de-
tect contaminants in sea-water.
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ing circuits. The range is 0-100, 0-500, 0-1000, and
0-5000 counts/min.

As an example of the type of radiac equipment that
one may expect for personnel radiation-surveying, the
AN/UDR-3 Radiac Set is presented. This equipment
consists of several subsidiary units mounted in a panel.
As may be seen from the illustration, both the hands and
feet may be simultaneously monitored for B- and
y-radioactive contamination by placing them in the open-
ings provided. Here is one case where “putting one's
foot in it” may be beneficial, Six thin-walled, high-volt-
age G-M tubes provide the detection, while computation
is furnished by five scale-of-eight counting circuits, aug-
mented by electric timers and registers. The foot con-
tamination may be removed for study by use of the roll
of paper supplied as part of the equipment. Yale-type
locks furnish protection against tampering. The count-
ing-rate is approximately 120,000 counts/min.

Conclusion

In this survey we have covered fundamentals of nu-
clear physics, described radiation hazards, investigated
the several types of nuclear radiation detectors, familiar-
ized ourselves with common nuclear units and re-
viewed representative radiac sets in Navy use. Many
subjects were treated ; many, many statements had to be
accepted at face value because space did not permit the
elaboration of the subjects needed to provide real com-
prehension. This article did not survey the entire sub-
ject of radiac,-but we did look at some of the more im-
portant aspects. It -is the hope of the editor and staff
of BuSHIPs ELECTRON that this introductory survey of
nucleonics may be of some assistance to electronics per-
sonnel who decide to enter this fascinating field, and
may pave the way for better understanding when indi-
vidual, Navy-designed radiac equipments are described
in future articles.
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