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FOREWORD

This manual was written in December, 1943, as an introduction to radioactivity measurements for chem-
ists and others who were unfamiliar with this field. It is elementary and by no means critical, the aim being
to provide fairly explicit operating instructions together with the minimum background necessary for intel-
ligent use of the instruments and interpretation of results. It is restricted to instruments and techniques in
use at the time of writing, and is further limited to those which were in use in the Section of the Metallurgical
Laboratory with which the authors were associated. This section had as its primary task the development of
processes for the chemical engineering scale separation of plutonium from uranium and fission product ac-
tivities, and many other instruments and techniques in use in the laboratory but not applied to this problem
are omitted from the manual.

In spite of these limitations and shortcomings the manual has continued to be of use for introductory pur-
poses, and consequently is being declassified for informal distribution in its original form (corrected in
March, 1944). The following comments indicate which of the material is now obsolete and what new methods
and instruments are in general use.

Sample Preparation. The platinum dish and ‘‘lusteroid’’ techniques are now rarely used, whereas the
evaporation and slurry-transfer methods have assumed greater importance. An important advance is the
use of a ring of Zapon lacquer around the margin of the platinum plate, applied and dried before use, to
prevent loss of samples. "This is removed during the ignition process. Infrared heat lamps have proved
more useful than hot-plates for sample evaporation and drying. In some cases good spreading can be
achieved by adding a reagent to the solution on the plate which forms a precipitate with the carrier; this
settles out uniformly during the evaporation and adheres well. Special methods, such as electroplating and
sublimation, have been developed for preparing extremely thin and uniform films, but these are generally
not applicable to routine assays.

Alpha Counters. The methane proportional counter has come into wide use for samples of high alpha
disintegration rates and for alpha samples containing high beta backgrounds, as well as for ordinary meas-
urements. Fast ionization chambers utilizing free-electron gases such as nitrogen and argon have also

been developed for the same purpose butare not in as widespread use. The magnet chamber is obsolete,

having been replaced by the two previously r:entioned instruments. Similarly, the air-screen low-geometry
counter, formerly used to bridge the gap between the atmospheric alpha counter and the vacuum low-geom-
etry counter is no longer used, since the methane and argon counters extend well ‘into the range of the
vacuum low- geometry counters An instrument known as the alpha particle pulse analyzer, which sorts out
electronically and counts separately alpha particles of different energies, is becoming of ever-increasing
importance for the identification of alpha emitters, the measurement of alpha particle energies, and the
analysis of mixtures of alpha active substances.

Beta and Gamma Measurements. Although only the mica end-window type of Geiger- -Mdller tube is de-
scribed in the manual, thin-walled tubular counters are also used widely. For detection of very soft elec-
trons, such as weak beta -rays and internal-conversion electrons, windowless Gelger-‘VIuller counters have
been developed. These are in a gas-tight enclosure which can be evacuated and filled with the counter gas
after introduction of the sample. Provicion is made for insertion and removal of absorbers without changing
the atmosphere. For measurement of low-energy gamma radiation or of the X-radiation emitted by some
radioactive substances, xenon-filled tubes are employed. A high-pressure ionization chamber filled with
argon is frequently used for gamma ray measurements. A reentrant tube allowing samples to be placed in
the center of the chamber gives high sensitivity, and test tubes containing samples in solution can be used
directly without the necessity of preparing solid samples as described in the manual.
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Statistics. The use of the term ‘‘reliable error’’ for the nine-tenths error has been discontinued, and
the emphasis on the use of this and similar measures of the deviation other than the probable or standard
error has been greatly diminished relative to the emphasis on the more conventional measures.

The list of references found at the end of this document, while by no means complete, may serve to sup-
plement this manual with respect to its omissions and weaknesses. There are many other Metallurgical
Project reports on the subject, and the published literature is extensive. The Plutonium Project Record,

i now 'in preparation, will summarize much of this information, particularly in Volumes 8 and §.
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A MANUAL ON THE MEASUREMENT OF RADIOACTIVITY

By A. H. Jaffey, T. P. Kohman, and J. A. Crawford

INTRODUCTION

The use of radioactivity measurement as an analytical technique is becoming of increasing importance.
New techniques are constantly being developed and refinements in instruments and methods are continually
being made. It is the purpose of this manual to describe the fundamental principles, the various instru-
ments in use in this section, and the techniques of tieir use. Sufficient detail is given so that novicesto the
field of radiochemistry may intelligently operate the instruments and interpret the results.

Radioactivity is the phenomenon of the spontaneous disintegration of metastable atomic nuclei with the
emission of energetic radiations. There are three principal kinds of radiations emitted by radioactive sub-
stances, designated as alpha rays, beta rays, and gamma rays. They differ in their physical nature, and
from the point of view of their detection and measurement, they are distinguished principally by the manner
in which they interact with matter to lose energy and produce ionization.

Alpha particles are helium nuclei (mass 4, charge 2) ejected from nuclei with energies of several Mev
(million electron volts, the unit of nuclear energy; see Rasetti, ‘“Elements of Nuclear Physies’’, p.13). They
are densely ionizing and as a consequence are completely stopped by thin layers of solids, such as a piece
of paper.

Beta particles are high-speed electrons with energies ranging from less than 0.1 Mev to several Mev.
They are considerably more penetrating than alpha particles, but can be stopped by metal sheets of moderate
thickness. Some radioelements emit positrons, which are electrons with positive charges, and are similar
in other respects to negative beta rays.

Gamma rays are photons of high energies and consequently very short wavelengths. Their energies
range from the X-ray region to several Mev. They are very penetrating and some can traverse several
centimeters of lead.

Practically all instruments for measuring radioactivity depend on the ionization produced in a gas by the’
energetic nuclear particles. Two main types of instruments exist, those which respond to individual par-
ticles and those which average or integrate the effects of a number of particles. Instruments of the first
type are called ‘‘counters’. In general, counters have the highest sensitivity and give the most significant
data, but instruments of the second type often have greater range and stability.

Instruments of either type can be used for measuring any of the various kinds of radiations. However,
usage has shown that for specific applications, some instruments have definite adgvantages. Not all types
of instruments are described in this manual, but only the ones which have proved most useful. The partic-
ular designs are not necessarily in universal use, but are the standard types used in this section.

SECTION I — ALPHA-COUNTING
A. THE PULSE IONIZATION CHAMBER AND CIRCUITS.

The design of the usual type of chamber for counting alpha particles depends upon several important
properties of the emitted alphas: (1) the alpha particle is very energetic and hence can ionize many mole-
cules of air, (2) the ionization per centimeter path length (specific ionization) is very intense, so that all
the ions generated by an alpha particle are found in a fairly small volume of space, and (3) because of this
intense ionization, the range of an alpha is rather short—usually not more than 4 cm of air.

-1-
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Because of these factors, the chamber (Figure 1) is quite small; it consists of two parallel disc-shaped
electrodes, 5 cm in diameter and 8.4 mm apart. An electric field is maintained between the electrodes by
an applied potential of 1250 volts, the exact voltage not being critical. The lower disc, which holds the
sample, is mounted through an insulator onto a base plate. This screws by means of a breech thread into
the cylindrical housing. The plate is lined up correctly by means of red indicator lines and then screwed
in one-sixth of a turn; this connects the lower electrode to the 1250 V source through a wiping spring con-
tact.

°

Paraffin insulation
High voltage wiping contact

I:,_,F L G High voltage inlet
— 3 1. Amphenol insulator

°

M\ A. High voltage electrode
- B. Collecting electrode
Afw g % C. Guard ring
D. Bottom plate
A E. Breech thread
C ), F
G
H

Figure 1.

The ions formed in the alpha-particle path are swept apart by the electric field and drawn towards the
electrodes; thus causing a change in the voltage of the collecting electrode. This voltage change (or pulse),
which is quite small (about 150 microvolts) is amplified 300,000 fold and then fed into a scale-of-eight
circuit. For every eight pulses coming from the ionization chamber, only one emerges from the scaler
and is counted on the mechanical register. (The register will not respond to a very rapid succession of
pulses, but will respond if the number of pulses is cut down to one-eighth the rate). The procedure to be
used in reading the register will be described below.

B. OPERATION AND CARE OF COUNTERS

While the chamber and circuits are designed to be used for routine counting and can be operated by
personnel with no electronics training, they are not entirely foolproof and do require a certain degree of
care. Certain of the vacuum tubes have very high plate voltages, which makes it desirable to allow the
filaments to heat up before turning the high-voltage transformer on. In the oscillograph associated with
each circuit, the electron beam reaches the screen before the sweeping mechanism has warmed up, and if
the knob controlling the ““On’’ switch of the oscillograph is turned far to the right (thus increasing the beam
intensity) the electron beam subjects the center of the screen to a continuous intense bombardment; such
treatment is detrimental to the screen.
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The procedure used is as follows:

1. Turn on the ‘““Master’’ switch (Type B Counter), the ‘‘Filament’’ switch (Type A Linear Amplifier)
and the ‘“On’” oscillograph switch (the latter should not be turned beyond the switching position).

2. Wait about 30 seconds and turn on the ‘‘Kilovolt’’ switch (Type B Counter), the ‘‘Plate’’ switch
(Linear Amplifier), and turn the intensity control of the oscillograph to the indicated position. The kilo-
volt meter should read 1250 + 50 volts; if not, it should be adjusted by a member of the service group. The

gain control should be turned (if not already set) to the recommended value, which is posted on each ampli-
fier.

3. After a few minutes, the counter is ready for use. During this interval of waiting, the oscillograph
screen should be watched to see that the counter has settled down to equilibrium conditions.

To place the samples into the chamber, the base plate is unscrewed by one-sixth turn to the left. Care
should be taken to keep one’s fingers out of the cylinder when the breech plate is removed so as not to
come in contact with the high voltage pin projecting on the inside. The sample is placed on the lower elec-
trode, due care being taken to avoid contamination of the base plate and electrode assembly. The lower
electrode is the part most commonly contaminated - usually by activity on the sample. To prevent such
accidents, the lower electrode should be protected by a small circle or square of paper under the sampte.
Hard-finish paper rather than filter paper should be used to avoid getting fibers in the chamber. Samples
are placed onto and removed from the electrode with uncontaminated forceps. It is also possible to con-
taminate the upper electrode by samples containing powders or samples which have not been dried
thoroughly. Doubtful samples of this nature should not be put into the chamber. In all cases samples

containing powders of precipitated carriers should be put -into the chamber gently. Due care %o avoid con-
tamination cannot be overemphasized.

Small pieces of fuzzy material (such as hairs or fibers of paper or cioth) on a sample disc will often
cause spurious discharges in the chamber, resulting in extra counts. These can usually be detected by
examining the pulse shaje on the oscillograph screen, and can be prevented by suitable care in preparing
and introducing samples. Other types of difficulties will be discussed later under ¢¢Oscillograph Monitoring.’”’

The base pléte is screwed into the chamber cylinder and the counting started. The counting procedure is:

1. Turn the ‘“Reset’’ switch on, then turn the ‘‘Count’’ switch on. Turning the ‘‘Reset’’ switch on sets
the interpolation meter to zero and prevents pulses from passirg through the scaler into the register.

2. et electric timer to zero.

3. Record the reading on the mechanical register; note that there are two small dials, reading in

‘“Hundreds’’ and ‘‘Thousands’’.
4. Simultaneously turn the ‘‘Reset’’ switch off and the timer on.
5. When the. count is finished, simultaneously turn both the ‘“‘Count’’ switch and timer off.

6. Record the time of the count and the readings on the mechanical register and on the interpolation
meter,

7. Total counts equals (net register reading x 8) plus interpolation meter reading.

When the counting is over, all the switches are turned off, including the oscillograph switch.

12209 p7i-du
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C. SAMPLES

Most of the alpha-emitting samples counted in this laboratory consist of tracer amounts of the active
element ( < 10-8g) imbedded in much larger amounts (of the order of a mg ) of ““carrier’’, the latter being
a compound which has properties similar to that of the active material.

1. Self-Absorption

Due to the intense ionization it creates, the alpha particle has a short range, making it impossible to use
more than a small amount of carrier in a sample to be used for counting. The alphas usually encountered
in the laboratory have a range of about 4 ¢m in air, i.e., the energy is completely dissipated after passing
through 4 cm of air. It is usual to e_x:press the amount of an absorbing layer in terms of the weight per unit
area, or surface density. Since the density of air at 15°C and 760 mm is 1.23 mg/cm?®, an alpha having a
rainge of 4.00 cm under the same conditions would be said to have a mass range of 4.92 mg/cm?in air.
Since the carriers usually used have a mass stopping power less than one-half that of air, the mass range
in the sample is greater, being approximately 10 mg/cm?2.

The pulse ionization chambers described are so efficient that a recordable pulse is generated when less
than 10 per cent of the alpha particle’s range lies between the electrodes. This does not mean, however,
that it is pericissible to use a sample whose surface density is, say, 9 mg/cm?since the alpha particles
coming off at an angle to the perpendicular must penetrate more than 10 mg/cm? and will thus be completely
absorbed. It is true that the alpha particle causes ionization within the solid, but it is only when the ioni-
zation occurs in a gas (where the generated ions are mobile) that the ionization can be measured. For ex-
ample, in a unifdrmly spread sample, when the surface density is equal to the range, just 50 per cent of the
alphas are lost by absorption in the sample. Table I shows the amount of loss by ‘‘self-absorption’ to be
expected when the sample is uniformly spread on a flat platinum disc; the standard of comparison is the
count that would be obtained if the sample were spread out in a layer so thin that self-absorption is negli-
gible. Since the absorption losses quoted are approximate, and since most of the samples used in routine
work are nowhere near ideally uniform, the values in the table should not be used as accurate correction
factors, but simply as indications of magnitude.

Table 1

SELF-ABSORPTION LOSSES FOR VARIOUS SURFACE DENSITIES OF CARRIER

Calculated for polonium alpha particles—range 3.8 cm air (15°C, 760 mm) and
carrier with mass stopping power one-half of that of air.

Carrier
Surface

Density 0.05 0.1 0.2 0.3 0.5 1.0 5.0 10.0 20.0 50.0
mg/cm?

Per cent
of count 0.27 0.53 1.1 1.6 2.7 5.3 21 53 78 91
lost 0.27 0.53 1.1 1.6 2.7 5.3 27 53 78 91

2. Preparation of Samples

It is not feasible to mount samples directly onto the electrode; instead, counting discs of various types
are used.
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One of the more common types of counting disc is the flat circular plate punched out of .002 inch plati-
num sheet, usually 3 inch to 1 inch in diameter. If the amount of salt in the solution is small, the liquid
containing the alpha activity is evaporated to dryness on one of these discs. Since it is not possible to
manipulate the material with a micro-stirring rod, the amount of salt present should be so small that thick
deposits of solid are not possible even if the residue tends to bunch. No more than .025 ml of solution
should be used at a time—if more than this amount of liquid must be evaporated, it should be added in sev-
eral steps. Evaporations are usually done by placing the platinum discs on a piece of asbestos sheet and
placing them either on an electric heater or under an infrared lamp. During the evaporation, the surface
tension of the drop decreases and the liquid tends to spread. Care must then be taken to prevent the sample
from running over the edge of the disc. This difficulty is especially serious when acids are present. To
avoid loss of sample and to provide for hancling the disc, the edge is left free for a space of 1 to 2 mm.

When the amount of salt in the solution is too great for the straight evaporation technique, the alpha
activity may be separated by precipitation with a suitable carrier. The precipitate is centrifuged, washed,
centrifuged again, and the precipitate stirred into a slurry (éiter addition of a small amount of water) by
use of either a micro-stirring rod or a fine wire platinum loop. The rotation of the loop in the precipitate
is much like the action of an egg-beater, and is achieved by rolling the wire leading from the loop between
the fingers. The slurry is pipetted onto the platinum disc, evaporated to a thick paste, spread smoothly
over the disc with a micro-stirring rod, and evaporated to dryness. To avoid losses of solid on stirring
rods or platinum loops, they should be rinsed onto the plates with a few drops of water. The evaporations
of the slurry are done in the manner described above.

After drying the sample, it is important to heat it as hot as possible consistant with the volatility of the
radioactive material (Po, e.g., volatilizes at 700°C). Where the radioactivity is non-volatile, it is desirable
to ignite the platinum disc to red heat. Many salts precipitate as hydrates and do not lose all their water
even on the hot plate; similarly, the H, SO, residues from solution evaporation will not be removed except
by high temperature ignition. Such ignition decreases the absorption losses and often increases the counting -
rate by 3 to 10 per cent.

Another type of sample plate in use is the platinum dish, which is made by raising the edges of the plati-
num disc about 0.5 mm. The samples are mounted in the manner described above. The flat disc is usually
preferred, however, because with it the area over which the sample is spread is less critical.

Where a relatively large amount of solution (of the order of several tenths of a ml) is to be evaporated
and counted, it is convenient to use 25 mm watch glasses. Because of the larger area, somewhat larger
amounts of solids can be tolerated, but due to the concavity of the watch glasses, some solids tend to con-

centrate in the center, and must be spread with a micro-stirring rod during the last stages of the-evapora-
tion just as with platinum discs.

One of the widely used methods is the ‘“lusteroid technique’’. Centrifuge tubes of lusteroid (a celluloid-
like material) are prepared with flat bottoms. The alpha activity is precipitated with carrier; the precip-
itate is centrifuged and washed and the tube turned upside down to drain for a short period. This procedure
is applicable only to flocculent types of precipitates which adhere to the bottom of the tube; for granular
precipitates, it is unsatisfactory. The tube is cut around with a razor blade £inch above the bottom, the
precipitate spread over the center section with a micro-stirring rod, and ther evaporated to dryness. Care
must be taken not to heat the lusteroid to the point of ignition. The sides are then cut away with a razor
blade so that the sample is left on an almost flat disc. The precipitate must be kept away from the edges
to avoid losses during the final cutting operation.

a

3. ‘“Counting Yield”’ and ‘‘Relative Counting Efficiency’’ in the Standard Chamber

The fundamental characteristic describing the amount of a given type of alpha-emitter is the disintegra-
tion rate, usually ezpressed in disintegrations per minute. The number of alphas counted per minute is the
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counting rate (counts/min.). The ratio of the counting rate to the disintegration rate is called the counting
yield, which is determined by several variables:

Y =(G) x (8) x (V)
where Y = counting yield (after correction for background and coincidence losses)
G

geometry factor
S = scattering factor

V = self-absorption factor

When only comparative results with a single radioelement are needed, and all samples are prepared and
counted in the same way, the value of the counting yield need not be known. However, for more accurate

work, some or all of the above factors must be considered. The significance of the various factors is ex-
plained in the following:

Geometry Factor. The geometry factor is the fraction of the alpha particles emitted by the sample which
start out in the direction of the sensitive volume of the counter. ¥, in a standard parallel plate ionization
chamber, an infinitely thin sample were placed on a smooth plate and counted, the fraction counted of the
total number emitted would be very close to one-half provided back-scattering is neglected; hence, the
standard chamber is said to have 50 per cent geometry, and G = 0.500. The value of G for this type of

counter and for the demultiplier can be calculated from geometrical considerations alone, and will sooa be
compared for cross checking.

Only when the sample is spread on a flat plate is G = 0.500, and with this type of chamber, 0.500 is the
largest possible value of G. If the samples are mounted in a different manner, the geometry factor is less—
e.g., the watch glass and platinum dish both have raised sides which cut off some of the alpha particles. The
irregular surface of a lusteroid will also tend to decrease G. As a rule, the influence of type of sample
mount on the value of G is not clearly defined except for flat plates, and samples other than the flat plate
type are not used for absolute measurements of disintegration rates but only for relative measurements.

The geometry factor for chambers in which the sample is mounted outside of the sensitiwe region (mag-
net chamber, low geometry chambers) is always less than .500, often considerably less. Values of G must
be determined by standardization, against the standard chamber. Only when G is very small (as in the
‘‘demultiplier’’) can it be easily calculated from geometrical considerations alone.

Stattering Factor. The value G = 0.500 implies that half of the emitted alpha particles are lost due to
the fact that they are emitted in a downward direction and are absorbed in the substrate material, none of
them being back-scattered. It is now known, however, that there can occur a certain amount of scattering
of downward moving alpha particles back into the ionization chamber. The amount of such scattering in-
creases with the atomic weight of the scattering material, and the back-scattering on a platinum base may
be as high as 4 per cent,i.e., S may be 1.04 and Y may be as high as 0.52. For relative determinations, this
factor is not important, but must be considered for accurate absolute determinations.

Seli-Absorption Factor. For samples on flat platinum discs, V usually varies from .95 to .595.

Relative Counting Efficiency. An infinitely thin sample, mounted on a smooth, flat platinum plate is said
to have a 100 per cent relative counting efficiency. This ideal is approached if a sample with very little
carrier is evaporated onto a flat platinum plate. A sample of this type is used as a basis of comparison when
considering the relative counting efficiency of other samples. They may have lower efficiencies due to de-
creases either in the geometry, the self-absorption, or the scattering factors.

For various reasons, the types of samples described above do net all have 100 per cent relative counting
efficiencies: the counting efficiency will vary somewhat with the technique of the individual preparing the
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sample, but the figures in Table II are typical. These values apply only when the error due to self-absorp-
tion in the carrier is not large. (See Table I).

Table II
RELATIVE COUNTING EFFICIENCY FOR VARIOUS TYPES OF SAMPLES

Evaporation Ppt. with Ppt. with Evaporation Lusteroid
Sample on Flat Carrier Carrier. on Technique
Type Pt Plate Mount on Flat Mount on Watch Glass

Pt Plate Pt Dish ‘

Relative
Per Cent
Counting 100 95-98 90-95 90 80-92
Efficiency

Several types of losses enter into the lowering of the relative counting efficiency from 100 per cent. For
the watch glass and the platinum dish, the raised sides cause the solid angle within which alphas can enter
the chamber to be less than 2 7 (one-half the total) and hence the geometry factor is less than 0.50. The
irregular surface of the lusteroid bottoms may cause similar geometry losses. The precipitate mounted
on flat platinum gives rather good results, the losses being due primarily to lack of complete carrying and
slight mechanical losses in transfer. Back-scattering on materials of low atomic weight, such as glass and

lusteroid, is lower than from platinum, thus decreasing the relative counting efficiency of samples mounted
on such materials.

In the case of the ““lusteroid technique’’, the large losses and large variations of efficiency with dif-
ferent technicians result from a different kind of phenomenon. Apparently the lusteroid softens during
heating and allows some of the precipitate to ‘‘soak in’’, thus increasing the self-absorption. Overheating
the lusteroid will increase this error. In addition, since it is not possible to ignite lusteroid or even to

heat it very hot on the hot plate, the absorption losses arising from excess water of hydration may be ap-
preciable.

Despite the variation of relative counting efficiency for different kinds of sample mounting, any of the
methods will work where the ratios of the radio-activity in a number of samples is desired rather than the
absolute amounts. A given technician can usually standardize his technique so that he can get reproducible
results with any one of these methods. To make comparisons where several types of samples must be pre-
pared, the relative efficiencies must be standardized by the technician making the analyses. Where many
analyses must be made and where the volumes of solution to be handled are large, the lusteroid technique
seems to be more convenient. Where greater precision and reproducibility is required for analyses in-
volving precipitation with carrier, the transfer to a flat platinum plate is more desirable.

4. Special Methods for Preparing Uniform Samples

For certain purposes, it is desirable to restrict the region of the platinum plate over which the activity
is spread. For this purpose a lacquer called ‘“Zapon’’ is used to paint a ring defining this region. After
the lacquer is dry, the sample is pipetted onto the plate in the form of a solution, ard is then evaporated to
dryness. Solutions containing high-boiling acids such as H,SO, or HClO, cannot be used, since these acids
attack the Zapon. When the sample is dry, the plate is ignited, completely removing the lacguer.

Samples spread by this technique are subject to the same difficulties encountered in any evaporation
technique—the solid material tends to clump in rings unless adequately dispersed by use of a micro-stirring
rod.

12-200-p1l-bu
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The most satisfactory method for preparing uniform samples of radio-active material has been to evapo-
lf ‘ rate a water solution of the substance with a small amount of a high-boiling organic liquid which will lower
} the surfa‘.e tension of water. The salt to be spread should be slightly soluble in the organic liquid, while
|

the liquid should be quite soluble in water.

Thus far, in this laboratory, this technique has been successfully applied only to uranyl nitrate solutions,

spread by the use of tetra-ethylene glycol (TEG). The Pt plate is first painted with Zapon as described

. above. After the uranium nitrate drop has been pipetted onto the plate, 20-50 1 1 of TEG is added. This

4 causes the solution to spread over the whole confined area. Very slow heating with an infrared lamp, last-

: ing for more than an hour, results in the deposition of a very uniform layer of powdered material. Too
rapid heating causes the formation of crystals rather than a fine powder, due to the increased solubility of
uranyl nitrate in the hot TEG. The slight solubility of uranyl nitrate in TEG allows the salt to remain in
solution until most of the water is gone and the subsequent deposition as powder as the solvent evaporates.

i D. BACKGROUNDS

Every substance investigated thus far has been found to contain within it small amounts of alpha-emit-
ting radioactivity—known as the natural contamination. Not all substances are alike—Pb, e.g., is a bad
offender— but even when substances of very low contamination are used for construction, an ionization
chamber will always have an irreducible background of alpha counts. For small chambers, this may be
as low as a small fraction of a count per minute.

A background this low is adequate for the counting done in this laboratory. Larger backgrounds are
caused by the careless contamination of the interior of the chamber by brushing radioactive material onto
some surface. Very small amounts of such contamination will raise the background to 2, 3, or 4 counts
per minute. It is possible to use the counters with such backgrounds, but it is preferable to keep the con-
tamination low. With due care to avoid touching the inside of the chamber by anything which may carry
alpha activity, the backgrounds may be kept quite low. When the background does get high, the contamination
may often be removed by wiping the lower electrode with a piece of lintless absorbent paper (removing all
1 fuzzy hairs afterwards). X this does not suffice, call the difficulty to the attention of a member of the ser-
vice group. Above all, care should be taken in putting samples into the chamber.

L If the background is low and the count high, the background may be neglected for all but the most accurate
| work. However, if the background is greater than the statistical error of the sample count, it should be
taken intp account. During the interval in which backgrounds are taken, the oscillograph screen should be
closely checked to see that spurious effects are not occurring (See Section I,E)— in this interval the spurious
counts will stand out more clearly, not being ‘‘hidden’’ by the true counts.

In general, a short background count should be taken before starting the sample counts to check on the
i amount of contamination present. After counting the sample, if a more accurate background is needed, this
i 1 i count should be repeated. I the background is appreciable and the sample count is low or if the sample

{ must be counted accurately, the background should be determined with a definitely uncontaminated blank
E | sample plate. If many samples are to be counted, background counts should be interspersed several times
' between the sample counts.

For the time to be devoted to background counts, see the Statistics Section (III, C). It is usually de-
I sirable, in any case, to have a minimum background count of one or two minutes.

E. OSCILLOGRAPH MONITORING

When the chamber and circuits are working well, when the self-absorption in the sample is small, and
when there are no hairs on the electrodes or sample, the counting procedure is perfectly straightforward
and accurate. However, it is desirable to check on whether these conditions are fulfilled. The chambers
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and circuits are pretty well-behaved, usually giving no trouble, but on occasion they do go bad. It is rarely
possible to notice spurious counts by any observation such as counting rate. For these reasons, every
circuit has associated with it a monitoring oscillograph, to check on the types of pulses coming out of the
linear amplifier. '

With no signal of any sort coming into the oscillograph, the beam is swept horizontally, and merely ap-
pears as a smooth straight ljne. When the amplifier is connected to the oscillograph but no pulse is enter-
ing; the smooth line is changed into a fuzzy line centering around the same position. This fuzziness is
caused by the ““noise’’ of the amplifier. When a pulse comes in, the beam moves vertically and traces out
the graph of the pulse shape as it comes from the amplifier.

When the chamber and circuits are working correctly, the pulse has a very distinctive shape. To monitor
correctly, one must learn to distinguish this type of pulse from the types of pulses arising when something
goes wrong.

Two factors influence the apparent shape of the pulse: (1) the height of the pulse, which is regulated by
the ““vertical gain’’ control, and (2) the width of the pulse, which is regulated by the frequency with which
the beam is swept across the screen.

The base line is taken as ten divisions below the center line, and in normal operation, the beam is set
in this position. Each oscillograph tube has a red line running across the screen, usually around 12 di-
visions above the base line—this is the ‘““tripping-height’’ line. When the oscillograph is correctly adjusted,
any pulse which reaches or crosses the red line will register in the scaling circuit—this selection is per-
formed by the ‘‘pulse-height selector’’. The amplifier has a circuit which prevents pulses from exceeding
a certain size—the ‘‘limiter”’ circuit—this height being about four divisions above the tripping level. In
order that the pulse be of the correct height on the screen, the ‘‘vertical gain’’ control must be fixed at the
correct setting, which is shown by an indicator line on the Dumot oscillographs. The RCA oscillograph does
not need this adjustment.

When the frequency with which the beam is swept across the screen is around 100/sec, (the usual fre-
quency setting) the pulse appears as a vertical straight line with a bright spot at the peak. If the frequency
is increased, the pulse appears as in Figure 2.

/PULSE
TRIPPING
HEIGHT
OR BACK
) KICK
\ BASE LINE
DOWN 2
KICK [
Figure 2. Figure 3. Figure 4.
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Disturbances of various sorts give characteristic patterns on the oscillograph screen. The normal
fuzzy baseline showing the noise-level of the amplifier is usually from two to three divisions high; if it is
any larger, it is indicated that the amplifier is working incorrectly and a member of the service group
should be called to investigate. Even when thenoiselevel is quite low, if large numbers of beta particles
are emitted by the sample, the base-line of the oscillograph trace may be considerably widened, giving
the same appearance as a high noise level. I the noise level comes back to a low value when the sample
is removed, a high beta background is usually indicated. X the peaks of the beta ‘‘kicks’’ remain below the
red line, the alphas may still be counted; otherwise a special magnet chamber must be ‘used.

All of the chambers are somewhat ‘“microphonic’’ although they are mounted by rubber suspensions to
minimize this difficulty. Loud noises or sharp vibrations will cause the chamber to vibrate and deliver
spurious pulses. On the oscillograph screen, a large number of regularly spaced pulses appear and last
as long as the sounds continue. If these pulses go over the red tripping line, they will pass into the scaler
circuit and be counted. Nothing can be done about this difficulty except to discard a count in which such
an event has occurred. If the chamber seems to be unduly microphonic, i. e.

, if it reacts to minor sounds
such as talking, call a member of the service group.

Hairs in the chamber give an unmistakably characteristic pulse. Under the influence of high voltage,
the hairs stand up and cause point discharges. Because of the action of the limiter circuit, they appear as

in Figure 3. Conversely, a pulse of this shape invariably means hairs in the chamber. The plate should
be taken out and hairs removed from the lower electrode and sample.

It will sometimes be found that some of the pulses, while well above the noise level, fall short of thered
line and do not register. These are known as ‘‘short kicks’’. They are due to alpha partxcles which have
only a small portion of their range in the chamber. When a sample is mounted with a great deal of absorb-
ing material, ‘‘short kicks’’ are more evident, although most of the counts lost due to self-absorption are
never seen at all, since they are totally absorbed. ‘‘Short kicks’’ are also quite noticable in lusteroid
samples due to the “sinking in”’ effect and the usually irregular surfaces. Samples mounted on platinum
invariably show ‘‘short kicks’’ since the back-scattering on platinum is relatively high and the residual
range of back-scattered alphas is usually quite small.

Sometimes peculiar pulses occur—short and wide with jagged peaks. These will occur even with no
sample present and will be found during the background count. The ‘‘back kick’’ (See Figure 4) under
certain conditions becomes so large that it may cross the tripping height line and cause a spurious count.

Beth of these difficulties are due to incorrect action of the circuits and should be called to the attention
of a member of the service group.

F., COUNTING OVER HIGH BETA BACKGROUND
1. Reason for the Difficulty

The height of the pulse produced by an alpha particle in a standard chamber is roughly proportional to
the number of ion pairs formed. The number of ion pairs formed by a beta particle in such a chamber is

about one-thousandth of that produced by an alpha particle. As a result, a beta pulse is considerably
smaller, and is normally not recorded.

However, if the beta activity in the sample is too high, statistical variations in the beta emission rate
will cause beta“pulses to ““pile up’’ on top of one another and record For a single sample, the upper limit
of tolerable beta activity for the standard chamber is roughly 3 x 10° beta disintegrations per minute. This

figure varies with the energy of the beta and is lower for smaller energies. If the sample contains slightly

more than this tolerance beta level, it is sometimes possible to get an approximate count by reducing the
gain setting one or two points (coarse gain control) from the recommended value. Depending upon the nature

of the sample, this procedure may reduce alpha blank (i.e., a sample with the same alpha rate but with no
12-209-p14-bdu
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beta activity) at the recommended and at the reduced gain settings.

It is sometimes desirable to count alpha samples over much higher beta backgrounds. For this purpose,
a special ‘“‘magnet chamber’’ has been developed, a description of which follows.

TO GRID 38

k 1 N A, Collecting electrode

- 3 B. High volt
'K\Q:y A v{% o igh voltage screen

High voltage electrode

F. Paraffin support and insulator

B
mx X X X X X X M, M'. Poles of permanent magnet
P W S. Sample
M C g 3 M

Figure 5.

The radiation from the sample is allowed to travel a distance of 1 to 2 cm through a strong magnetic ‘ield
(6,000 gauss). This causes the beta particles to be bent around sharply, while not appreciably deflecting the
much heavier alphas. As a result, only the alphas reach and penetrate the openings in the HV screen to
enter the ionization chamber where they produce pulses in the usual way.

With this type of chamber, it was found that a sample emitting 1.4 x 10° beta disintegrdtions/min could
be tolerated, the sample being Sr®  (upper energy limit approximately 1.7 Mev). Since the magnetic field
bend:: out lower energy betas more easily, softer beta emission can be tolerated in even higher amounts.

The disadvantages of this method are primarily:

(a) The geometry factor is low (approximately 10%). This results in the diificulty that the position of
the sample is critical, and that it must be spread evenly.

(b) While traversing the magnetic field, the alphas extend some of their range. The sample must, there-
fore, not be too thick, or some of the alphas will never reach the chamber.

(c) The distance between the magnet pole pieces is 1.5 em. As the sample must be introduced between
them, its size is limited. i

3. Preparation of Samples
To obtain accurate results, a sample should be spread uniformly over a circle of 9 mm dian:eter on

special size platinum plates. The cutter for these plates will be furnished on request. The sample thickness
should be kept below 0.3 mg/cm?.

12-209-p15-bu




PRt PPN s a2 B
SO 2

il

CETIEY AR w R, SO

-12 - MDDC - 388

4. Operation of Magnet Counter

After having prepared the samplé in the appropriate way, open the door of the box surrounding the cham-
ber and magnet, and also the door of the brass box surrounding the sample holder. Slide out the sample

holder, and place the sample on it with uncontaminated forceps. Slide it back all the way between the two
run-ways. Close both doors.

The counter is turned on and off by following exactly the same procedure as for the standard counter.

To determine the disintegration rate of the sample, multiply the counts/min by the posted conversion factor
(approximately 10).

G. COINCIDENCE LOSSES,

The pulses in the ionization chamber last about 10-5 minutes, and if they all came in at equal intervals,
the chambers could handle many thousands of pulses per minute. Unfortunately, alphas are emitted at
random intervals, sometimes following each other within a period of less than 10-5 minutes. Two alphas
arriving in the chamber in an interval 10™® minutes will count as one. Such losses—called coincidence

losses—will increase with the counting rate. The normal counter will have losses of about 0.8 per -cent per
thousand counts per minute.

Table III

COINCIDENCE LOSSES FOR A TYPICAL COUNTER

Counting Rate
(counts/min.) 500 1000 2500 5000

Per Cent Loss 0.4% 0.8% 2.0% 4.0%

True Count 502 1008 2550 5200

When only relative values are needed it is unnecessary to made a coincidence correction, even at high
counting rates, provided the results to be compared are of about the same counting rate, and provided the

same (or equivalent) counter is used. However, when rates of different magnitudes must be compared, the
counting losses must be considered.

H. LOW GEOMETRY COUNTER: AIR-SCREEN TYPE,

When samples with very high disintegration rates must be counted, it is not feasible to use the ordinary
parallel plate chambers. A different type of chamber is in regular use for this purpose. As in the magnet
chamber, the sample is placed below the high-_voltage electrode, which is a screen.

The sample, which must be mounted on a platinum dish 16 mm or less in diameter, is placed in the cop-
per dish lying in the housing. The dish is placed on the moveable sample holder which is then moved up-
wards, by means of.a knurled wheel, to the counting position. The counting procedure is the same as for

the standard chamber. After the counting is over, the sample holder is lowered, the sample removed, and
the copper dish replaced on the holder. »

Since the only alphas counted are those emerging within an angle of about 30 degrees vertical, the use

of a flat sample plate is not necessary. In fact, it is more convenient to handle a platinum dish with raised
edges. A punch for making such dishes is available.

12.209-p168-bu
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The ‘‘geometry factor’’ is about 10 per cent as compared to the 50 per cent of the ordinary chamber. To
further reduce the counting rate it is possible to use screens with various transmission factors. The cali-
bration on the chamber gives geometry factors ranging from 1/9.35 to 1/6420, where the total number of
disintegrations/min (i.e., total number of alphas emitted/min, in the sample) is calculated by dividing the
counting rate by the appropriate geometry factor. Thus, for a counting rate of 2000 counts/min, it is possi-
ble to count a sample emitting about 13 million.alphas per minute.

2000

176430 = 2000 x 6420 = 12,840,000 disintegrations/min )

1. Low Geometry Counter: Vacuum Type (‘‘Demultiplier’’)

For accurate counting of very active alpha samples there has been developed a special type of chamber
with a geometry even lower than the air-screen low geometry chamber. This instrument is designed (Fig-
ure 7) so that the sensitive part of the chamber subtends a very small solid angle at the sample. An im-
portant feature of this type of counter is that the geometry may be accurately calculated from the dimen-
sions. The particles travel through an evacuated glass cylinder, pass through a circular hole covered by
a thin mica window (1.6 mg/cm?® ), and then enter the chamber at atmospheric pressure, where they are
counted. The distance, D, can be varied in steps by inserting different glass extensions between the sample
holder and the chamber. At the present time, distances of 5.00cm,12.3 cm, 19.2 ¢m, and 26.5 cm are avail-
able; the diameter, d, is 1.016 cm. For point sources, the geometry factor is simply calculated from the
solid angle subtended by the mica window at the source:
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In Table IV are shown the values of G for the various positions, both for point and extended sources
(spread over an area approximately 1 cm, in diameter). Also shown are values of F -G for both cases, F
being the number by which N (number of counts) is multiplied to determine the number of disintegrations.
Because of occasional necessary changes in the instrument, the dimensions at any particular time may
differ from the values corresponding to the table. The service group should be consulted on this point.

Table IV
Point Source Extended Source ZA%
D G F G F (in cm-1)
Position 1 5.00 cm 25.8 x 107* 387.6 25.4 x 10~ 393.7 10.3 -
Position 2 12.3 cm 4.26 x 107* 2345 4.25 x 10~ 2350 "
Position 3 19.2 cm 1.748 x 107* 5720 1.746 x 10~ 5727 .168 =
Position 4 26.5 cm 919 x 107* 10880 918 x 10™* 10890 .08 x 107°

Appropriate corrections should be made if D is varied because of the thickness of the plate on which the
sample is mounted. By simple differentiation, we get:

2
AG:--Cé— AD

1
33

or AG/A D = - .1290/D°

The negative sign implies that G decreases as D increases. Values for A G/A D are tabulated in Tabie 1V,
Because the sample plate thickness always decreases D, the correction increases G and hence decreases F.

This counter is not in regular laboratory use. A member of the service group should be consulted when
it is desired to use the instrument.

SECTION II - MEASUREMENT OF BETA AND GAMMA RADIATION

A. GENERAL PRINCIPLES

A number of instruments are in use for the measurement of beta and gamama radiation. The most im-
portant are the Geiger-Mdller counter, the Lauritzen quartz-fiber electroscope, and the ionization chamber
used with a vacuum tube electrometer.

Beta particles are considerably more penetrating than alpha particles, and therefore, the use of windows
in the detector is permissible in most cases. The beta rays of some radioelements can penetrate windows
or walls over 100 mg/cm?® in thickness, but since the penetrability increases with decreasing window thick-

ness and in many cases the electron ranges are only a few mg/cm® , it is desirable to use the thinnest pos-
sible walls or windows.

The sensitive part of nearly all detectors of beta or gamma rays is a volume filled with a gas, in which
the production of ionization by fast electrons furnishes the means of detection. The ion density along the
path of an electron in a gas depends on the electron energy, the nature of the gas and the pressure. As a
typical example, a beta particle of a few tenths of a Mev will produce about 5 to 10 ion pairs per centimeter
of its path in argon at 10 cm Hg pressure. Since these conditions are representative of those involved in

$12-208-pig~bu
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Geiger-Muller counters, and since the dimensions are of the order of centimeters, it is evident that prac-
tically all beta rays which enter the sensitive part of the counter will produce one or more ion pairs within
it. Only those passing through a corner, so that the path length is less than a few millimeters, will have
an appreciablé chance of getting out without producing an ion pair.

Unlike beta particles, gamma rays do not lose their energy gradually, but are generally stopped by one or
a very few collisions with electrons. These electrons acquire a large part of the energy and it is by the
ionization they produce that gamma rays are detected. Gamma rays are much more penetrating than beta
rays, and they do not have definite ranges, but are absorbed in an exponential fashion. For example, gamma

- radiation of 1 Mev is half absorbed by 10 gm/cm® of Pb. Because of the resulting low ion density along

their tracks, a large fraction of the gamma rays from a source may pass completely through a detector
without leaving a single ion within its sensitive region. For efficient measurement of gamma radiation it
is necessary to divert a large fraction of the energy of the quanta to that of electrons by using gas at fairly

high pressures, by using thick walls of a fairly heavy element, or by placing such a layer in front of the
window to act as a ‘‘radiator’’.

B. GEIGER-MULLER COUNTERS

1. Description

The Geiger-Muller counter tube consists of a thin wire extending along the axis of a conducting cylinder.
Between the two is a gas, generally at a pressure of several centimeters, and across the two is applied an
electric potential of the order of a thousand volts with the wire positive. The gas pressure and the poten-
tial are adjusted so that in the absence of ions in the gas no discharge occurs, but if one or more ion pairs
are formed in the sensitive volume, a relatively large flow of current takes place. The mechanics are
roughly as follows. The negative ions, which are electrons, are attracted to the positively charged wire.
Close to the wire the electrical field strexn; th is strong enough to cause the electrons to acquire sufficient
velocities between collisions to ionize the gas molecules, thereby producing additional electrons. Each of
these electrons can similarly produce additional ionization, so that a large number of electrons reach the
wire for the original electron formed in the gas. If the potential is not too great, the discharge stops at this
point. Such a counter is called a proportional counter (also called a Geiger-Klemperer counter) because
the size of the discharge is roughly proportional to the number of ion pairs originally produced in the gas.
If, however, the potertial is somewhat higher, the electrons on reaching the wire will have sufficient energy
to eject photons, probably of ultra-violet wavelengths, and these photons can release additional electrons
by photo-electric processes in the gas or wall of the counter. This causes the discharge to spread along
the full length of the counter. All this takes place in a very short time, of the order of 10-7 seconds. The
process then ceases because the positive ions, being very slow relative to electrons, accumulate around
the wire in a sheath and by their space charge reduce the field strength to such a low value that electron
rultiplication can no longer occur. Every discharge thus builds up to a nearly constant size, regardless
of the original number of ions produced. Such a counter is called a Geiger-Miiller counter, and has the
advantage of giving uniform pulses of such large size that very little amplification is necessary to detect
and record them by electrical means.

The operating voltages of a particular tube are determined by counting a constant radioactive source in a
fixed position at various voltages and making a plot of counting rate versus voltage. Such a plot of typical
counter tube, called the ‘‘characteristic curve’’, is shown in Figure 8. The flat part of the curve is cailed
the ““plateau’’, and it is usually best to operate the counter on the flattest part of the plateau in crder to
minimize the effect of fluctuations of the voltage supply.

2. Construction of Counter Tubes
The tubes in most general use for radio-chemistry on the project are of the end-window type. The

standard design is shown in the accompanying illustration. The cathode is a flanged metal cylinder, usually
of copper, brass, or steel. To the unflanged end is attached a glass dome containing a stopcock and through
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which extends the anode, which is a thin tungsten wire. A thin sheet of mica extends across the other end,
being waxed onto the flange. The wire extends down the axis of the cylinder almost to the window and con-
tains on its free end a glass bead to prevent corona discharge. The tubes are evacuated and filled with a
mixture of 90 per cent argon and 10 per cent ethyl alcohol to a total pressure of 10 centimeters. Samples
are placed near the mica window which has a thickness generally between 3 and 6 mg/cm® . A mounting is
provided with slots into which cards of a standard size (33’ by 23’) containing samples, etc., <an be in-
serted at several standard distances from the window. The tube and its mounting are place? in a lead hous-
ing having walls two inches thick, in order to reduce the background effect caused by cosmic rays and radio-
active substances in the laboratory. The counter tube and its mounting are shown schemetically in Figure 9.

3. Circuits

The part of the electrical circuit directly associated with the counter tube depends on the nature of the
tube. There is a fundamental distinction between self-quenching counters and those which require some
auxiliary means of quenching the discharge.

Most tubes containing organic vapors are self-quenching; i.e., after a discharge the tube returns rapidly
to its normal non-conduction state. It is only necessary to have a relatively low resistance ( ~n 10° ohms)

between the high voltage supply and the wire so that the discharge will create a voltage pulse. It is nec-
essary to amplify this pulse somewhat.

With many tubes, however, the discharge does not cease spontaneously, but continues indefinitely, probably
because of the liberation of additional electrons from the wall under bombardment by positive ions. With such
tubes, some external means must be used to lower the wire voltage below the value necessary for electron
multiplication until all of the ions have been swept out of the counter.

This may be done by use of an electronic quenching circuit, such as the Neher-Harper arrangement, by
which the high voltage on the wire is automatically lowered until the ion collection is complete, and then
rapidly restored. This arrangement also amplifies the voltage of the pulse.

Self-quenching counters are faster than externally-quenched counters and are therefore to be preferred,
but since it is somewhat more difficult to make reliable self-quenching tubes, the Neher-Harper circuit has
been in general use in this laboratory.
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The amplified pulses are equalized, scaled and recorded in somewhat the same manner as is done in the
alpha-counters. However, stabilization of the high-voltage supply is more important in the case of Geiger-
Miller counters than of alpha counters. :

4. Operation
The procedure for taking a measurement with a Geiger-Muller counter is the following.
1. Turn on the ‘“Master’’ switch and then after waiting one minute, the ‘“Kilovolt”’ switch.

2. Note high voltage reading and compare with the operating voltage indicated on the counter housing. If
necessary, readjust the voltage to the indicated value (ask a member of the maintenance group to explain how
this is done.)

3. Place sample to be counted in the desired position below the counter tube. If there is a possibility
that the sample is very active, it is well to have the ‘“Count”’ switch in the ON position while bringing up
the sample. I the recorder receives over 50 pulseg per second or begins to jam, the sample should be
removed immediately, as the counter tube may be damaged by such high counting rates.

4. With the ‘‘Count’’ switch OFF, turn the “Reset’’ switch ON and then OFF to clear the interpolation
meter. Record the register reading and set the timer to zero.

12-209-p22-pu
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5. Simultaneously turn on the count switch and the timer.

6. At the end of the desired time interval, simultaneously turn off the count switch and the timer. Cal-
culate the counting rate as described under alpha-counting. ’

5. Background Corrections

- The background of the counter must be subtracted from the recorded rate to give the true counting rate.

: This is determined by taking a count with no sample in the counter. The backgrounds of the counters in

B} this laboratory are around 25 counts per minute. This is due mainly to cosmic radiation penetrating the lead
: shield, but may come in part from radioactive substance in or near the counter. The weaker the measured
radioactivities, or the greater the desired accuracy, the more exactly the background rate must be known.
For highest accuracy, backgrounds should be taken with dummy samples in place to duplicate the geometry
as closely as possible. Normally, however, a count on the empty housing will suffice.

Care should be exercised in keeping the counter on its mounting from becoming contaminated with radio-
active substances, as contamination will increase the background and thus decrease the accuracy of counts.
If the background is appreciably higher than the above value, the source of activity should be located and -
removed. Covering the floor of the lead housing with paper may facilitate this.

6. Coincidence Corrections

At high counting rates, some counts are lost because of the finite resolving power of the counter. I the
interval between two particles arriving at the counter is less than the resolving time of the counter, they
will be counted as only one. The resulting loss is called the coincidence loss. The fraction of counts lost
increases as the counting rate increases, and for accurate work or at high rates, a correction must be ap-
plied. With the Geiger-Miller counters in use in this laboratory, the fractional correction is too a rough
approximation proportional to the recorded counting rate. With Neher-Harper quenching the correction is
about 1.5 per cent per 1000 ¢/m, and with self -quenching, the correction is about 0.5 per cent per 1000 c/m.

The correction is made in exactly the same manner as with alpha counters. Examples are given in the
table below:

Table V Table VI
Neher-Harper Quenching » Self-Quenching
(1.5%/1000 c/m) (0.5%,/1000 c/m)
Recorded % Corrected Recorded % Corrected
G Rate Correction Rate . Rate Correction Rate
b 500 0.75 504 500 0.25 501
i 1,000 1.5 1,015 1,000 0.5 1,005
B 2,000 3.0 2,060 2,000 1.0 2,020
5,000 7.5 5,375 5,000 2.5 5,125
10,000 15.0 11,500 - 10,000 5.0 10,500
20,000 30.0 26,000 20,000 10.0 22,000

For more accurate work, the correction at different counting rates should be determined by an impirical
method, and a plot of correction vs. recorded rate made on log-log paper. From such a plot the correction
7 can be read directly and added to the recorded rate. Such plots may be provided for some counters.

R

The background should be subtracted after applying the correction for coincidence loss.
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7. Monitoring with Standards

When beta-ray standards of constant radioactive strength are counted many times with a given counter,
there are observed day-to-day fluctuations which are greater than those expected from statistical considera-
tions. The cause of this lack of constancy is not yet known. When very accurate work is tc be done with
Geiger-Miller counters, the results should be compared with a standard and corrected by a factor which
will bring the standard count to its normal value. Ordinarily this precaution need not be taken, especially
when only comparative values of samples counted the same day are required.

|
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C. QUARTZ-FIBER ELECTROSCOPE

The Lauritzen quartz-fiber electroscope is commonly used for measuring radioactivities because of its
simplicity, stability, and relatively high sensitivity. The electroscope consists of a flexible quartz fiber
fixed at one end and extending parallel to a stiff quartz rod. The whole system is gold-plated to make it
conducting, and is highly insulated from the rest of the apparatus. Surrounding the wire is a cylindrical
ionization chamber 3 inches long and 2+ inches in diameter made of aluminum and filled with a gas, usually
air at atmospheric pressure. The bottom of the cylinder is usually cut out and covered with a thin aluminum
foil to permit the penetration of soft radiations. A series of slots for holding samples, identical with those
of the Geiger-Miiller counter mounting, is located beneath the electroscope window.

e S
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The quartz system can be charged to 100-200 volts by a button which momentarily makes electrical con-
tact with a source of DC potential. A vacuum tube rectifier operating on 110 V AC is used to supply this
g 11 M potential; batteries, or friction devices, though less convenient, can be used. The charge causes the fiber
i “P to bend away from the rod due to electrostatic repulsion, and its position is indicated by means of a shorter
fiber fastened perpendicularly to the end of the long flexible fiber. The short fiber can be viewed by a
microscope containing a graduated scale in its field for reading its position. The scale appears in Figure 10

(Z‘LETX'?)';EFS'GBS:) DIRECTION OF MOTION

~ < WHILE DISCHARGING
)HH]HH Hll]||||}H||]||||;|]|H|m ||||l||||‘H|H||||l|||”|m ||||[|||| HHIHH H||1HH!
0 1 2 3 4 5 6 7 8 9 10

INDICATOR FIBER

Figure 10. .

On standing, the charge will leak off the fiber system at a very slow rate, partly because of the finite
l conductivity of the insulator, and partly because of the formation of ions in the gas within the cylinder by
| cosmic rays, etc. If, however, a radioactive source is brought near the chamber, the increased ionization
i

i will cause the charge to be diminished more rapidly, and the fiber will be observed to move a¢ross the
‘ scale at a rate dependent on the intensity of the radioactivity.

To take a measurement, the sample is put in place and the fiber charged by pressing in the red button
and, if necessary, adjusting the voltage control of the charger until the fiber is at the zero end of the scale.
The button is released, and with a stopwatch the time required for the indicator to pass two definite po-
it sitions is measured. Because of non-linearity of the scale throughout its whole length, it is best to use only

l a portion of the scale. It is customary to note the time required for the indicator to drift from 10 to 50 i.e.
over 40 divisions (divisions refer to the small intervals). However, if the rate of drift is so slow that this

12-209_p24-bu




-21 - MDDC - 388"

would take more than a few minutes, a shorter interval may be used. Because of irregularities in the
motion of the fiber immediately after charging, the initial setting must be somewhat to the left of the 10
division mark so that the fiber will drift a few divisions, or for several seconds, before crossing the start-
ing mark. :

Activities are reported in terms of divisions per second (div/sec.). The normal background is about
0.003 div/sec. The range of linear response extends to about 3 div/sec.

D. IONIZATION CHAMBER WITH FP54 ELECTROMETER
An ionization chamber used in connection with a vacuum tube electrometer, such as the circuit employing
the FP54 tube, has a sensitivity intermediate between that of the quartz-fiber electroscope and the Geiger-
Miller counter. Its great value is its large range of linear response and the high intensity of samples which

can be measured with it.

The ionization chamber is shown in the following diagram:
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Figure 11.

The sensitive volume is between the rod and the surrounding cylinder. The cylinder has a cage-like con-
struction to decrease its surface area and hence the natural radioactive contamination, particularly of alpha
emitters. A potential of -450 V is applied to the cage and the highly insulated center rod is the collecting
electrode. The ionization current to the rod flows to ground through a high resistance, and the resultant
voltage across the resistor is measured by the FP54 circuit. For electrical shielding the ionization cham-
ber is surrounded by a grounded casing. Across the bottom of the shield and of the high-voltage electrode
are very thin aluminum foils (v 0.1 mg/cm?® ) which act as a transparent windows to all but the very weakest
electrons. The gas is air at atmospheric pressure. For high gamma ray sensitivity a chamber with thick
walls and high-pressure gas, usually N, , A, or Freon (CF, Cl,), is used.
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For holding Samples a series of slots is provided beneath the window, exactly as in the case of the Geiger-
Mdller counter and the quartz-fiber electroscope.

Because of the difficulty of operation of the FP54 circuit, the technique of its use is not described here.
Measurements of samples will be made by members of the instruments group.

E. MEASUREMENT OF BETA RADIATION
1. Sample Preparation

' Because of the greater penetrating power of beta and gamma rays, the elaborate precautions necessary
when preparing alpha samples for counting are not necessary when only beta and gamma counts are to be
made. In particular, more solid matter can be tolerated, the limits being determined by the energy of the
electrons. I the radiations consists of conversion electrons or soft beta rays of less than 0.1 Mev maximum
energy, the solid material should be limited to one or two milligrams. For beta emitters of maximum

the diameter of the counter window is one inch, and the counting yield for point sources drogs off for positions
more than a few millimeters from the axis of the counter cylinder, samples should not be more than 2 or 3
centimeters in diameter. If the Sample diameter is greater than one centiiceter, it is important that the
distribution of material be uniform, or at least the same for each sample.

All samples should be mounted in the center of cards 23 by 3% inches, so that they can be inserted in the
slots of the counter mounting and thus be prope'rly centered. Unless very soft radiations are to be counted,
it is generally desirable to cover the samples Wwith a thin layer of cellophane or Scotch tape to prevent con-
tamiration of the counter and its mounting. This is very importﬂg.

The various techniques of preparing samples for beta activity measurement are described below:

One-inch watch glasses are convenient for holding samples. For assay of solutions, amounts up to 1 ml
may be pipetted directly into the watch glass and evaporated to dryness in an oven at 110° C, on an electric
heater covered by an asbestos sheet, or under an infrared lamp. When using the electric heater, the tem-
perature must not be high enough to crack the glass. The amount of solids must not be too great, as creeping
over the edges may occur. The distribution of the residue over the surface of the watch giass varies for
different types of solutions. In some cases even Spreading results, in others a ring of solid is formed,
whereas in still others the solid concentrates in the center. K a uniform procedure is followed, consistent
results will usually be obtained. However, when very soft electrons are to be counted, or when the same
sample is to be used also for alpha counting, it may be necessary to moisten the residue, spread it with a
micro stirring rod, and re-evaporate.

The above procedure is applicable when one ml or less contains sufficient activity for a count, and the
amount taken contains so little solid residue that no self-absorption difficulties result. When the activity
of larger volumes must be determined, or when the radioelement must be separated from inert solids or
interfering radioelements, the desired element may be precipitated from the solution, adding sufficient
carrier if necessary, and the precipitate Separated and transferred to the watch glass. Separation is done
best by centrifuging. The precipitate is dissolved or slurried in a few drops of water and transferred with
a semi-micro pipet.or a glass tube drawn to a point at one end and equipped with a rubber bulb on the other.
Watch glasses may be supported for counting by means of an arrangement such as that illustrated in Figure 12.




-23- MDDC - 388

T W c T W. Watch glass containing sample
\ / X. Card21/2" x 3 1/4” with 1-1/16" hole
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Y

‘_fiﬁr(&—&__g——/_;' Z. Card 1-3/4"x 1-3/4"
Cs
Y T

Cellophane
« Scotch tape

Precipitate

Filter paper
Card21/2x31/2"
Cellophane

Scotch tape

HORaPF

\

—\

Figure 13! Mounting of filtered precipitate for counting.
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Figure 14. Mounting of powders for counting.

what more difficult to obtain under these conditions and should be carefully checked.

For smaller volumes of solution or precipitates of small bulk, platinum plates 1 to 3 cm in diameter

may be used. Not more than 25 or 50 ml of solution should be placed on a disc at one time, or it may run
off the edge when heated.

The lusteroid technique, described under alpha counting, can also be used for beta counting.
The radioelement may be precipitated with carrier and filtered with suction onto a flat filter paper ona

small Hirsch or Buchner funnel. Care must be taken to deposit the precipitate uniformly and to prevent
| any from being sucked around the edges of the paper. The use of a second paper under the collecting sheet
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may reduce the tendency of fine precipitates to pass through the first paper. The paper and the precipitate
are allowed to dry, spread flat on a standard size card by a cellophane covering, and sealed by means of
Scotch tape around the edges of the cellophane, as shown in Figure 13. '

In some cases small amounts of solid materials may be weighed directly into watch glasses, onto pieces
of paper, or into a hole in a card which is backed by another card, as shown in Figure 14.

2. Counting Yield

The ratio between counting rate and disintegration rate is defined as the counting yield. For a given
counter and geometrical arrangement the counting yield is not the same for all beta emitters, but varies with
such factors as energies of radiations. I a given radioelement emits more than one radiation, or disinte-

i grates by alternate modes, it is necessary when referring to counting yields to specify whether the counting
yield for a particular radiation or for the radioelement as a whole is meant.

;‘ For a beta emitter the counting yield is the product of five separate factors:

Y =(G)x(8)x (D) x (4) x (V)

where Y = counting yield I = ionization probability
G = geometry factor A = absor;ition factor
S = scattering factor V = self-absorption factor

When only comparative results with a single radioelement are needed, and all samples are prepared and
counted in the same way, the value of the counting yield need not be known. However, for more accurate
work, some or all of the above factors must be considered. The significance of the various factors is ex-
plained in the following:

3 Geometry Factor. The geometry factor is the fraction of the beta particles emitted by the sample

‘ which start out in the direction of the sensitive volume of the counter. For a given counter this depends
on the size and position of the sample. The values of this factor for the three shelf positions of the stan-
dard Geiger-Miller counter mounting, for small samples centered with respect to the axis of the tube,
have been determined as follows:

| Table VII
|
1 ‘ Distance From Geometry
{‘ Step Counter Window Factor
i I 0.2 cm 30%
i i II v 1.8 cm 10%
i | 111 3.4 cm 3%

The factor is somewhat lower for larger samples. The factor will also be slightly different if the sampie is
not even with the upper surface of a card fitting the slot.

iy | Scattering Factor. The factor by which the counting rate is increased by scattering or reflection into the
| direction of the counter of particles originally directed elsewhere is called the scattering factor. Scattering
may be caused by the sample backing, the counter mounting, the housing walls, etc. Accurate measurements
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of scattering factors have not been made, but it is known that materials of high atomic number scatter
electrons more effectively than light materials. Thus if a sample is spread on a platinum plate the scat-
tering factor may be as much as 1.5. Scattering can be minimumized by using only light materials such
as glass, paper, or cardboard for mounting the samples.

Ionization Probability. This is the average probability that an electron which enters the sensitive volume
of the counter will cause ionization in the gas, instead of passing completely through it without making a

single ionizing collision. As explained above, this probability is very close to unity for the type of Geiger-
Miller counters in common use.

Absorption Factor. The absorption factor is the fraction of the beta particles which can penetrate the
counter window and the air and other materials between the sample and the window. For a given arrange-
ment the factor increases with increasing electron energy, and approaches unity for high-energy beta par-
ticles and small thickness of absorbing matter. For a given radioelement the factor is usually determined
by taking an absorption curve as described below, and extrapolating the curve back to zero absorber thick-
ness. The absorption factor is then the ratio of the counting rate under the experimental conditions to the
extrapolated rate for no absorption.

Self- Absorption Factor. When thick samples are used for counting, some beta particles may be absorbed
by the sampie itself. The ratio of counting rate with a given sample to the rate which would be obtained if the
activity were spread over the same area in a very thin layer is called the self-absorption factor. When the
counting yield must be known, or when comparisons must be made between samples containing different
amounts of carrier or other solid matter, the self-absorption factor must be determined as a function of
sample weight. This may be done by preparing a series of samples each of which contains the same amount
of radioactivity but different amounts of solid. The counting rate is plotted against the amount of ‘solid and
a smooth curve drawn through the points. Such a curve may appear as follows:

Figure 15.

For each weight, the ratio between the counting rate and the extrapolated rate for zero solid is the self-
absorption factor. ¥ a plot of this factor against sample weight is made (as indicated by the ordinate onthe
right-hand side of the above figure), the factor can be read off for each sample and the count corrected by
dividing it by the factor.

An alternate method of determining self-absorption factors is to prepare a series of samples as above,
using different amounts of solid having a constant specific activity. The amount of radioactivity will then
be proportional to the amount of solid, To obtain the curve as shown above, one must plot counts/min/mg
instead of counts/min.
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3. Interference by Gamma Radiation

If a sample containing beta activity also contains gamma activity, the latter will also contribute some
counts. For comparative measurements, the total (beta and gamma) count may be satisfactory. How-
ever, in some cases, it is necessary to determine the beta activity alcne, and the correction for gamma
activity must therefore be determined.

Because the counting yield of a thin-window detector for beta rays is about 100 times as great as for
gamma rays, it usually happens that the major fraction of the counting rate is due to beta rays. The con-
tribution of the gamma rays can be determined by taking an absorption curve with lead as described in
1. C. 2. The gamma curve is extrapolated back to zero thickness, and the extrapolated value is subtracted
from the total counting rate to give the beta counting rate. I the gamma: beta ratio is very low (about 0.001)
the effect of bremsstrahlung may also need to be considered (see Section II. F. 2).

4. Correction for Decay
Quite frequently measurements of a radioelement are made over a period which is long enough with re-
spect to the half-life to allow the activity to change appreciably by decay. In order that the measurements
may be comparable each must be corrected to the value which would have been obtained if it had been meas-

ured at the same time. In other cases, a measurement must be corrected for the amount of decay since its
formation, as when the absolute yield of a nuclear reaction is desired.

For the general laws of radioactive decay and growth, see Rasetti, ‘‘Elements of Nuclear Physics’’,
p.27-32. In particular, the relation between the activity of a preparation at two times ty and t, is given by

I =e” Aft, -ty
where A is the decay constant, and is related to the half-life T as follows

In22 _ 0.693
T T

A =
A more convenient form of the above equation for calculations using logarithms is:

1L, =27 (t, -ty)/T
IO

If a sample is measured at time t, the value of its activity at time ty is given by:

log 1, =log I, - 0.30103

t, =t
T

Example: A sample of radioactive phosphorus (P* ; T = 14.1 days) is measured at 8:00 A.M. Noven:ber 24,
and found to give 980 counts/minute. What is its activity as of 2:00 P.M., November6?

t, -to=24.3 - 6.6 =17.7 days

~0.30103 x 17.7

log I, = 980 - T

= 2.9912 - 0.3778

12-209-p30-bu




- 27 - MDDC - 388

= 3.3690

Iy = 2340 counts/minute

F. MEASUREMENT OF GAMMA RADIATION

Since gamma rays are almost always accompanied by beta rays or other electrons, the latter must be
prevented from entering the detector. This can be done by interposing an absorber between the source
and the detector. A thickness of lead equivalent to 2 gm/cm® is sufficient to stop all beta rays normally
encountered, without appreciably reducing the intensity of the gamma rays.

1. Sample Preparation

Most of the methods which are used for preparing samples for alpha and beta measurement can also be
used for the measurement of gamma radiation. An exception is that platinum plates should be avoided for
accurate work where beta radiation is also present because of the bremsstrahlung effect, noted below. In
addition, samples which are much bulkier can be used because the self-absorption effect is small. This is
often made necessary because of the low counting yield for gamma rays. Thus several grams of a solid
may be placed in an ashing capsule and counted. However, if the sample material consists predominantly of
elements of high atomic number, bremsstrahlung will become important.

2. Interference by Beta Radiation

There are several mechanisms by which beta radiation can give rise to gamma rays of X rays. The
most important is ‘“bremsstrahlung’’, the conversion of part of the kinetic energy of an electron into elec-
tromagnetic radiation in the force field of an atomic nucleus. The conversion may take place either in the
field of the nucleus emitting the electron (innere bremsstrahlung) or of another nucleus (aussere brems-
strahlung). The external effect is several times as great as the internal effect and is roughly proportional
to the square of the atomic number of the stopping material. The energy distribution of the quanta is con-
tinuous, extendinag up to the kinetic energy of the electrons, but with the softer components predominating.
Thus some gamma rays are observed coming from all beta emitters, even when no nuclear gamma rays
are emitted. In making quantitative measurements of gamma radiation the interference of bremsstrahlung
must be considered. The effect may be minimized by stopping the electrons in a material of low atomic
number, such as aluminum. A ‘‘sandwich’’ technique is commonly used. The sample, mounted in any of
the usual manners except on platinum or other material of high atomic number, is placed in the second step
of the counter. On top of the sample and immediately below it are placed aluminum absorbers sufficiently
thick to stop all of the beta particles. About 1500 mg/cm? is commonly used. Above the sandwich is placed
a lead absorber of about 1500 mg/cm® to partially absorb the softer components of the bremsstrahlung.

A
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Although this arrangement tends to minimize the amount of bremsstrahlung it cannot reduce it com-
pletely, and corrections must be made if the true gamma count is low relative to bremsstrahlung count.
As a rough approximation the bremsstrahlung count with the geometry described is 2.5 x 10~° times the
beta count taken with the sample on the top step. For example, suppose a sample gives 300 ¢/m on the
second step with the sandwich arrangement, and an aliquot 1/1000 as large gives 2000 c¢/m on the top step
with no absorber. This means that the beta count of the larger sample is 2 x 10° c/m, so that the brems-
strahlung count should be (2 x 10° ) x 2.6 x 10~° = 50 ¢/m. Therefore the true gamma count is 300 - 50 =
250 ¢/m. When the true gamma count is of the same magnitude or smaller than the bremsstrahlung count,
this type of calculation is too crude for accurate results, since the conversion factor will be different for
beta rays of different energies.

3. Counting Yield

The counting yield for gamma rays is much lower than for beta rays, because most gamma rays can
pass completely through the counter without discharging it. For a given geometry, the counting yield de-
pends on the energy of the gamma radiation. Counts are due mainly to photoelectrons or Compton recoil

_electrons liberated in the walls of the counter or the lead absorber in front of the window. The probability

of a gamma ray releasing such an electron decreases as the gamma energy increases. However, the ranges
of the electrons in the material in which they are produced increase more rapidly with increasing gamma

- energy, and therefore the net effect is an increase in counting yield with increasing gamma energy. Exact

values are not known, but with the arrangement described (sample on second shelf) the counting yield is
approximately 0.3 per cent times the energy of the gamma ray in Mev.

G. Characterization of Activities

Any radioelement can be characterized by its chemical identity, half-life, and type and energies of radia-
tions. ‘These properties must of course be determined for all new radioelements. An unknown radioactive
substance can often be identified by measuring one or more of these characteristics. Determination of
chemical identity is made by chemical separations. Half-lives are determined by taking decay curves.
Information about the nature of the radiations can be obtained by taking absorption curves, although for
exact measurements special instruments must be used. Mode of formation is often of value in identifying
activities, as are also genetic relationships (radioactive parent or daughter) when they exist. Since decay
curves and absorption curves can be taken with simple counting instruments, they will be described here.

1. Decay Curves

A plot of the radioactivity of a sample against time is called a decay curve, because alm:ost always the
activity decreases with time. To obtain such a curve, the activity is measured at a number of different times
using the same instrument and geometrical arrangement each time. The activity is then plotted as a function
of time using semi-loy :aper with the activity on the logarithmic scale. The reason for this is that the decay
of a single radioactive substance, being exponential, gives a straight line on such a plot. Figure 17 shows
a tr»ieal example.

If a straight line is obtained, it can be concluded that only a single active substance is present. The half-
life is obtained by measuring the time required for the activity to decrease by a factor of two, this being the
same for any part of the curve. For greater precision, a longer part of the curve may be used by noting
the time required for a decay of a large power of two, and dividing this time by the exponent. For example,
in Figure 17, the decay from 4096 ¢/m to 1 ¢/m requires 12 half-lives, since 40% = 212
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I more than one radioelement is present, the resulting decay curve will be the sum of the individual
curves, and may appear as in Figure 18.

The solid line, which is the measured activity, is the sum of the three exponential curves indicated by
the dashed lines. Such a curve may be analyzed by starting at either end, drawing a straight line tangent
to the line, and subtracting this activity from the measured curve. From the residual curve the next ac-
L tivity may be picked out and subtracted, and so on. If the periods are close together, or the time of meas-

‘ urement is not sufficiently great, this method will not yield very good results.

If a decay curve is concave downwards, this is evidence for growth of the measured radioelement from
a radioactive parent. I the initial growth is more rapid than the initial decay, the curve may rise before
falling. I the rate of growth is constant, the activity rises to a constant value. Types of growth curves are
shown in Figures 19, 20, and 21.

2. Absorption Curves

An absorption curve is a plot of the measured activity as a function of thickness of absorbing material '
between the sample and detector, and gives a measure of the penetrating power, and hence an index of the
energy of the radiation. For beta rays, aluminum absorbers are commonly used (alternately paper, graphite, -
etc.) and for gamma rays, lead is used (alternatively tungsten, etc.). The plots are made on semi-log paper
as for decay curves, since this gives very nearly a straight line forhomogeneous gamma rays and roughly a
straight line for beta rays of a single natural spectrum.

Typical absorption curves are shown in Figures 22, 23, 24, and 25.

The important characteristic of a beta absorption curve is the end-point, or maximum range of the elec-
trons. This is determined by inspection of the curve, and is the point at which the curve appears to have
completely bent over to the next more penetrating component. Exact location of end-points is often dif-
ficult. From a curve or table of the range-energy relationship, the maximum energy of the beta rays is
found; this is the important characteristic of a beta ray spectrum.

The important characteristic of a gamma absorption curve is the slope, usually given as the half-thick-
ness, or thickness necessary to reduce the intensity by a factor of 2. This is determined in the same manner
_ as the half-life from a decay curve. Complex gamma absorption curves are analyzed in exactly the same

manner as complex decay curves. The energy of the gamma ray can be found from the half-thickness using
standard tables or curves.

Precautions against contamination are especially important in taking absorption curves. Contaminated
absorbers are an especially irritating source of trouble. For this reason, handle absorbers only by the
tabs, which are covered with Scotch tape that can be exchanged frequently. Qccasional background counts
on the absorbers are desirable.

SECTION III - STATISTICS AND COUNTING
A, RELIABILITY OF COUNTS

The statistical accuracy (fractional errcr of a counting rate) depends only on the total number of counts
taken. Thus, the counting time necessary to obtain a certain accuracy varies inversely as the counting rate,
since total counts = counting rate x time of count. Because the laws of probability apply, one can never be
entirely certain of one’s results; the measured rate is never the true rate, which is the value that would be
determined with an infinite number of counts. It is, however, possmle to make estimates as to the likeli-
hood that the true rate will lie within specified 11m1ts centermg around the determined values.
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For every set of limits there is a different probability that the result is correct to within these limits,
and this probability is greater the broader the limits. For example, if a counting rate is determined to
be 200, it is more likely that the true rate lies between 190 and 210 than between 199 and 201. The limits
are usually expressed in terms of the fraction of the counting rate—in the example, the above limits are
respectively 0.05 and .005 of the counting rate—and are spoken of as ‘“fractional errors.’’ The probability
that the fractional error we actually make in using the experimental rate as the true rate is less than a
specified fractional error is the probability that the true rate lies between the corresponding limits center-
ing around the experimental value.

Mathematically expressed, if P is the fractional error and W the probability of making an actual error
(expressed as a fraction) less than P, then

P=K/YM

where M is the total number of counts taken (M = counting rate x counting time), and K is a constant de-
pending on W.

If we wish to consider the error such that we have nine chances out of ten (i.e., W = 0.90) of being within
its limits, then K = 1.645, and P= 1.645/V M is called the ‘“‘reliable fractional error’’.

If we wish to consider the limits such that we have only a fifty-fifty chance (W = 0.50) of committing an
actual error less than P, we use K = .675, and P = -875/V M is known as the ‘“‘probable fractional error’’ *

A third error also in use is the ‘‘standard fractional error’’ in which K = 1.000 and the probability of
having an error less than 1/YM is .683. While the ‘“errors’ have been given special names only in these
three cases, it should be realized that both P and the corresponding probabilities vary continuously.

Table VIII summarizes the relationship of P and the corresponding probability for the various ‘““fractional
errors’. The absolute value of the error is equal to the fractional error multiplied by M or K/ VM. (M) =

K VM

Table VIII

Name of Percentage Probability of making anactual fractional
Error K error less than P = K/y'M (where M = total counts)
Probable erfor 0.6745 50.0%
Standard error 1.000 68.3%
Reliable error | 1.645 90.0%

1.960 95.0%

2.575 99.0%

Physicists in general use the probable error. Thus a result may be reported in the form

61.4 = 1.7

* Curves of P vs. M are shown in Figures 26 and 27 for both the probable and reliable cases. Figure 28
shows curves giving the probability of committing errors greater than 0.01, 0.025, and 0.05 of the count-
ing rate for values of M from 10 to 100,000.
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or
61.4 T 2.8%

with it being understood that the probable error or the probable fractional error is meant. However, in this
section, the reliable error is often used. In order to avoid confusicn, it is desirable to use the convention
of enclosing reliable error in braciets when they are used. Thus the above result would be written:

61.4 [+ 4.2]

or

61.4 [ 6.8%]

the brackets indicating that the reliable error or the reliable fractional error is meant. Of course all four
of the above ways of writing the result mean exactly the same thing.

Example: X the counting rate is approximately 900 ¢/m and the count has been taken for nine minutes,
then M = 8100 and the reliable fractional error, P r is:

1.654

Pr==5%

=0.0183 = 1.83%

We have then nine chances out of ten of committing an error in our counting rate of less than 1.83 per cent
which means that the probability is 0.90 that the true rate lies between 883.5 and 916.5 c¢/m. This fact is
expressed by writing the actual count and the limits of error:

900 [ ¥ 16.5] ¢/m
Similarly, we have five chances out of ten of having an error less than

.675

T .0075 = 0.75%

which means that the probability is 0.50 that the true rate lies between 893.2 and 906.8, and the result is
written:

900 * 6.8 c¢/m.

B. COMBINATION OF RESULTS

1. Some Formulae
1t is often desirable to evaluate the error in a function of several counting rates rather than the error
of one counting rate. Some useful formulae for a few simple functions are shown.
If a is the error (either reliable, standard or probable) in the count A and b the error in the count B

then the error in the count B then the error in the:

(a) Sum of two counts

(Ata) B*b) +...=A+B+..%a° +b° +...
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(b) Difference of two counts

2

mtﬂ-(Btm=A-Bi‘a +b°
(c) Square of a count

(Ata) -A *V3aA
(d) Product of two counts

(ATa). (B b)=AB+ yYa® B? b’A’

(e) Quotient of two counts

Ata _ AY A [ ¥
b B B B

I

Counting by Difference. As an example, we consider the case where a sample is counted before and
after a chemical manipulation, and it is desired to find the number of counts lost or gained in this manipula-
tion. This amount may be small, so that it is desirable to determine the accuracy of the difference of the
two counting rates. X the sample is counted before and after, for the same time, t, the absolute error in
the diiference of the counting rates is K \rb_ﬂt_, where M is the total number of counts taken (lumping to-

gether the counts taken before and after the chemical manipulation), and K is the constant discussed above.
(This equation follows from formula b above.)

Example: Suppose a sample is counted for 10 minutes, giving 340 ¢/m. After the chemical manipulation,
a 10-minute counting period gives 300 ¢/m. The total number of counts taken was 6400. Our error is then:

K Y6400/10 = K x 80/10
= 8K

‘Hence, we have nine chances out of ten that our difference 340 - 300 = 40 ¢/m be accurate to within * 8
x1.645 =7 13 c/m. Or we have a fifty-fifty chance that our difference of 40 ¢/m be accurate to within * 8
x .675 =1 5.4 ¢c/m. We can then write: We have lost in the chemical manipulation:

40 [f 13 c/m] (reliable error)
or 46 T54c/m (probable error).
3. Ratio of two Counts. Example: Suppose two samples (800 c/m and 1000 ¢/m respectively) are counted

for ten minutes apiece, a = KYA andb = K VB, so the error in A/Bis A/B VK* A/A* + K?B/B% =

KA/BY1/A+1/B=K A/B V A + B/AB. Since A = 8000 counts, B = 10,000, the error is .012 K. The ratio
is then:

.800 ['ﬁ .020] (reliable error)
or .800 * .008 (probable error)

C. BACKGROUND COUNTING

It is unnecessary to count backgrounds for as long a time as the sample is counted. The most efficient
way of counting backgrounds is to distribute the counting time as follows:
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tb/ts = \/ mb/mS

Where tp and ts are the background and sample counting times, respectively: mp and mg are the background
and sample + counting rates, respectively.

Example: Suppose that the sample and background count together approximately 1,000 c/m, and the back-
ground alone is roughly 2.5 ¢/m; then:

y/mp/mg = V2.5/1000 = 1/20

Hence the background need be counted for only 1/20 of the time that the sample is counted.

Figure 17. Simple decay curve, showing Figure 18. Complex decay curve, consisting of
method of determining half-life.

three components.

e -

Figure 19. Figure 20. Figure 21.

TYPES OF GROWTH CURVES
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1 Figure 22. Simple beta spectrum. The flattening Figure 23. Complex beta spectrum with
out is due to gamma rays or bremsstrahlung. two components.

Figure 24. Single homogenous gamma ray. Figure 25. Complex gamma radiation with

two components.

The fractional error in your counting rate has a 50-50
chance of being less than the probable fractional error.

I

0.4 —

0.12

o
o

o
o
®

0.06 \

PROBABLE FRACTIONAL ERROR
I

o
o
»

‘ - N il
i BN
i ™
I 0.02
\

| . ~L A
| T
§ : 0 4 -
1 10 ~ 50 100 500 1000 5000 10,000 50,000 100,000

TOTAL COUNTS TAKEN

Figure 26.
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The fractional error in your counting rate has 9 chances
out of 10 of being less than the reliable fractional error.
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Probability of your counting rate being accurate
to within a fractional error of .01, .025, .05.
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