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ABSTRACT

The operation and calibration of a scintillation

counter is describedj and the theory and method of

activation analysis is discussed.

The analysis for the Al content of a series
of chemically analysed igneous rocks and bauxites is
found to be within

(a) for igneous rocks 15 * O.9%‘A1503

The analysis for the Na content of a series
of chemically analysed rocks is found to be within

2 * 0.3% Na0.

The equipment is easily converted into an
alpha counter by changing the scintillator. It is
shown that the alpha activity of less than 1 gram of

zircons can be detectedes
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PART 1

OPERATION OF A SCINTILLATION COUNTER

APPARATUS

The scintillation counter may be conveniently

divided into its component parts, each one performing

its operation and passing the results on to the nextie

1o
2
3s
bo
50
7o

8o

9.

Voltage regulator

Power supply

Scintillator (or phosphor)
Photomultiplier tube
Cathode follower
Amplifier

Discriminator

Counter

Oscilloscope

The apparatus is shown in fig., 1 and fig. 2.

The equipment operates as follows: a particle or

quantum with sufficient energy impinging on the scintillator
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Fige 2o Castle and detection unit

A. Photomultiplier tube
B. Base containing the

cathode follower
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produces a flash of light; the magnitude of this flash of light
is proportional to the energy of the incident radiation, and
this relationship is carried through into the discriminators
The flash of light is directed into the photomultiplier tube,
where it is changed into an electronic pulse. The cathode
follower records this pulse and sends it into the amplifier,
which amplifies it and sends it to the discriminator. The
discriminator will accept only those pulses within a desired
range of amplitude. The gates are variable so that any range
may be selected. The accepted pulses trigger the circuit that
sends a pulse into the counter, which registers as one counte

These steps will be followed in more detail.

1. Voltage regulator. A Sorenson Model 2000 S.A.C.
voltage regulator takes the 110 v. A.C., 60 cycle, from the
wall plug and feeds 115 v. A.C. into the power supply. This
valuable piece of equipment provides a supply of current with

less than 1% voltage variation.

2. Power supply. A Lambda Model 28 power regulator
takes the output of the power supply and provides regulated
voltages in D.C. for the circuits, and A.C. for the heater

filaments in some tubess

3¢ Scintillator. Radiation produces flashes of light,

or scintillations, in certain substances. For gamma rays,
NaI(T1l) is commonly usedj but for alpha particles, ZnS(Ag) is
best. The NaI(Tl) crystal used was 2'' in diameter by 2'!' thick,
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Harshaw mounted. The NaI(Tl) crystals are coated with a
reflecting MgO layer, and mounted in an aluminum case. Bramadat
(1954) describes the physical processes. The energy of the
flash produced is proportional to the energy of the incident
ray. However, if the type of scintillator is changed, the
calibration of the instrument will be changed. The larger

the crystal, the more rays will be counted, because of increased

volume receiving radiation.

Lo Photomultiplier tube. The face of the scintillator
is placed against the face of the photomultiplier tube with a
light transmitting silicone fluid contact. This contact is
taped light-tight. The MgO coated sides of the scintillator
are reflecting, so a scintillation must pass into the photo-
multiplier tube. The scintillation produces the photoelectric
effect on the cathode, yielding electrons which are focused
onto a sefies of dynodes that multiply the number of electrons,
so that an enlarged pulse emerges from the tube. This tube
takes about 1000 v as there is about 100 v in each dynode stepe
The tube will operate between about 800 and 1300 v. An increase
in voltage raises the amplitude of a pulse, but does not

increase the counting rates

5s Cathode follower. This tube picks up the pulses
from the photomultiplier tube and sends them to the amplifier,

It operates on voltage from the power regulator.
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6. Amplifier. The pulses are amplified linearly up

to a maximum output of about 80 voltse

7o Discriminator. This instrument enables the operator
to count only those pulses of desired amplitude. The main
adjustment is the ''bias voltage''!, also called the ''trigger
level'! and referréd to as a bias‘set. Only pulses with height
greater than the setting of this ''trigger level'' will pass
and be counted. See fig. 3. The calibration of the dis-
criminator is the determination of the relationship between
the numbers on the dial of the bias setting and the corresponding
pulse height. All pulses higher than the setting of the trigger
level are counted when the discriminator works as an integral

discriminator.

Switching the toggle switch on the discriminator
panel changes the integral discriminator into a differential
discriminator, by adding one more discriminatory operation.
This is an upper limit to the trigger level. Pulse heights
greater than this upper limit do not count. The distance, or
energy range, between this upper limit and the lower limit,
which is the trigger level of integral discriminator, is called
the gate width. As shown in fig. 4, the only pulses counted
are those having a pulse height that falls within the gate.
Because this gate analyses the energy of the pulse, it may be

called an analyser as well as a differential discriminatore

The width of the gate is variable. Turning the gate

dial raises or lowers the upper limit in respect of the bias
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e
voltage or lower limit.

Those pulses which are within the acceptable energy
range of the discriminator trigger the output circuit, and
come out as pulses of equal height. On the oscilloscope, this
is the largest, strongest pulsej; also there will be some low
energy noise, and stray low energy cancelled pulses if the
differential discriminator is in use. An important point to
remember is that the output pulse energy may be slightly different
between integral and differential discriminators. This may
affect the counting rate in the counter, which has a

'"sensitivity set'!! adjustable to the input pulse amplitudes

8. Counter. The counter is a glow transfer counter,
Atomic Instrument Co., Model 162, It records the counts on
glow tubes. The set-up is like a house meter. The important'
adjustment is the ''sensitivity set''!, a small screw at the
right backe This is, in effect, anoﬁher integral discriminator.
This setting is very sensitive, a quarter turn will change it
from zero through the maximum counting rate. If it is set too
low, the low energy noise will count. It should be set about
1l v below the main pulse voltage, so that drift will not affect
the counting rate. To test this setting find the maximum
counting rate, then using differential discriminator, close
the gate. The counting rate should decrease until, when the
gate 1s at zero, the counting rate approaches zero. DMake slight

adjustments to the sensitivity set until this takes place.
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9es Oscilloscopes This is an guxiliary piece of
equipment that has two uses, namely !'pulse analysis'' and

"ftrouble shooting!'?'.

Pulse analysis. The pulse is put on the screen of
the oscilloscope by adjusting the various knobse The beginner
will require a demonstration of these adjustments. The height
of the pulse will be proportional to the energy or voltage,
and the length of the pulse is proportional to its time of
duration. The energy of a pulse may be found in two wayse. A
pulse of known energy may be run into the oscilloscope, either
at the same time or separately, and the heights compared; or
the pulse may be calibrated into voltage by changing the
appropriate knob from '"'signal'' to ''calibrate voltage!'.
First mark the pulse héight directly on the screen with inke
Then change to ''calibrate voltage'', and adjust it until there
is a vertical line the same height.és the pulse marke. Then the

dial gives the voltage of the pulses

To find the energy of the gamma rays, plug the
oscilloscope into the amplifier output, and compare the pulse
height to one of known energy; e.g. Cs with a strong line at
the top of its spectrum with an energy of 0.662 Mev., To find
the voltage of the output pulse of the discriminator, plug the
oscilloscope into the discriminator outputj and calibrate as

to voltage.

Trouble shooting. To find a breakdown, the oscilloscope
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will show the output of each unit, and thereby locate the

troubles
STANDARD PROCEDURE WITH APPARATUS

l. Plugging in. The wall plug should be left in,
and all the units turned off individually. Turn them on in
order. First switch on the Sorenson voltage regulator. The
needle will show about half voltage until it warms up. In a
minute the needle will jump to 115, the output voltage; then
the power supply may be turned on. Give it a couple of minutes,
or until all the tubes have a steady glow. Now switch on the
discriminator. It may take an hour or more until it is steady
because all electronic equipment drifts’durihg warm-up. Do
not turn them all on at once, because it is harmful to switch

cold equipment onto maximum Joad. Turn off in reverse ordere

2o Coolinge. The transformers and tubes give off
considerable heat, of which an excess may harm the tubes or
impair their operation. The units are spread out so that air
can circulate among thems If too much heat collects, a fan
is required. When the equipment is not to be used for several

days, turn it off,

3. High voltage to photomultiplier tube. This is
supplied by 3 or 4 dry batteries. Very little current is drawn.
If light is allowed to enter the photomultiplier tube when the
high voltage is on, it will be ruined. The contact with the

scintillator is usually well taped, and should be light tight;
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however, as a precaution, turn off the high voltage before

opening the can which houses the photomultiplier and scintillator.

CALIBRATION

1. Check ''sensitivity set'' on the counter. This
is a very sensitive adjustment, which may drift off its setting;
but it can be checked in a few minutes and this should be done
every day. Place a source, e.g. the Cs 137, over the
scintillators Turn on the differential discriminator, and
adjust the bias until a fast counting rate is found. Adjust
the sensitivity set until the maximum counting rate is obtaineds
Now close the gate. The counting rate will decrease. When
the gate is at zero, the counting rate should be zero, or very
slow; adjust the sensitivity set until it is. Now open the
gate, the counting rate should increase again. The following
explains what happense. Besides the main pulse coming out of
the discriminator, there are some low energy noise pulses too,
which are tube noise and cancelled pulses. The ''sensitivity
set''! acts as another integral discriminator, and its job is
to discriminate out these low energy noises. If it is set
too low, it will allow these noises to countj; then the gate
will not zero. If it is set too high, there will be no
counting. The setting is very touchy, a fraction of a turn

sets it off or on. See Fig. 5.

2 Calibration of discriminator. This is the most

important adjustment of the instrument, relating the setting
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of the bias to the energy of the incident radiation. Place

the Cs source over the scintillator. Cs has only one gamma
ray, at an energy of 0.662 Mev. and at this energy level we
will find a distinct photoelectric peak. First the location
of the peak may be found roughly by using the integral
discriminator. Find at low bias setting a fast counting rate.
Now increase the biases The counting rate will decrease slowly
until the peak is passed, suddenly it will decrease noticeably,
and fall off to a very slow rate. The fall off is the high
side of the peak. Change to differential discriminator, and
close the gate to its narrowest practical widthj; that will be
one~-half or 1 volt, increasing with increased amplifications
Now take readings at regular bias settings across the peak.

For the Cs source a 30 sec. count is satisfactory. Take a
piece of squared graph paper, mark the bias settings as abcissae
and the counting rate as ordinate. The resulting graph should
show a sharp peak, as in Fig. 6. The position of this peak

on the bias corresponds to an energy of 0,662 Mev. in this
figure it is at 1.0. The next step is to locate the peaks

of other sources, which may be obtained from the Physics
Department. The Zn 65 has a small peak at 1.10 Mev. Co 60

has two peaks at the end of its spectrum, at 1l.17 and 1l.33 Mew,
as shown in Fig. 6. Now the calibration line may be drawn.
Plot the energies of the peaks against the bias settings. The
line should be nearly straight. This calibration can be applied
to both integral and differential discriminators. However, it

is changed by alteration of the high voltage on the photo~
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multiplier or change of amplification or change of phosphore.

3e Calibration of Gate. The gate is easily
calibrated with a pulse generator. A pulse is moved across
the gate widthj when the upper limit is reached the counting
stops, and the pulse is left sitting just above the gate. Then
the bias is turned up so that the gate width moves across the
pulses The change in the bias setting is the gate width. If
desired, the gate width can be related to pulse energy through

the bias calibration.

Le Linearity of Amplifier. The amplifier should
be close to linear, Locate the peak of Cs at each amplifier
setting, plot the bias setting against amplifier setting. Note
that the gate width must be doubled with each increase in

amplification.

5 Resolution power of photomultiplier tube. The
efficiency of the photomultiplier tube in producing a pulse
exactly proportional to the energy of the scintillation is
called the resolution. Take the Cs peak and measure the width
half way up. Divide this width by the bias voltage at the
centre of the peake. This ratio is the resolution. With it

record the high voltage on the photomultiplier.
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PART II
METHOD
OUTLINE OF METHOD

1. Preparation of sample.
(a) Crush to 1/4 inch size.
(b) Weigh 300 g. sample into container,

2o Irradiate with slow neutrons.
(a) For Al, 8 minutes.
(b) For Na, 16 hours.

3s Measure resultant gamma activity, using
scintillation counters

Le Graphically analyse the radiocactive decay, and
compare the initial activity of the Al component

with that of a standard.

DETAILED PROCEDURE
l. Choose as a standard a chemically analysed rock
of the same type as the sample. Run it alongside of the unknown,

or 2 or 3 times during the day.

2+ Sample preparation. Crush to approximately 1/4
inch size. Fragments must be less than 3/8 '! largest diameter
to fit the thin part of the containers. Griﬁding is undesirable,
because powders do not give as good results as crushed samples.

300 g. samples were weighed on a table balance.

3e Neutron irradiation. Po-Be sources were used.



17.

They were kept in the plastic well in the tank of oil and water,
as shown in Fig. 7, and covered with a block of paraffin.
Neutrons of all energies up to 1l Mev. are emitted. Most of
these are thermalized (slowed to energies of the thermal range,
less than 1 ev.) by the surrounding oil and water, and the layer
of paraffin. The sample is lowered on top of this. For an

11 curie source, 9.3 cm. of paraffin was used, giving a slow
neutron flux on the sample of about 5 x 104 n/s/cm.z, (measured
by WeE. Turchinetz). For a 5 curie source, 6.0 cm. of paraffin

was used, giving a flux about 4 x 10% n/s/cm.zf

For Al analysis, irradiation time was & minutes.

For Na analysis, irradiation time was 16 hours.

ke Counting gamma activitye. The sample is lifted
out of the tank at the end of the irradiation period; this is
also time zero on the decay graph and the point of initial
activity. ©Stop-watch control is required. As quickly as
possible, the sample is placed over the scintillator crystal,
the castle 1lid is closed, and the high voltage to the photo-
multiplier is switched on. These operations can be performed
in 12 seconds. The operator then moves to the counter switch,
to start the counting at t = 15 se.e The detection unit, shown

in Fig. 2, is kept in a lead castle to reduce the background.

The cumulative count was read without stopping the
count at 30 s., 1.0 ms, and every 30 s. for the first 5 m.,

then every 1 m. for the next 10 m., then every 2 m. up to 35m.,
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for the Al analysis. The counting for Na is described in

Part 1V,

5¢ TFor AL, the activity in counts per 30 seconds
is plotted on semi-log paper, and the background and other
interferring induced activities are subtracted as in Fig. 13.
This leaves the straight line component (a) of the A128 isotope
having a half life of 2.3 minutes. From its initial activity
the correction for Si is made, and the remaining activity is
proportional to the content of Al. The Si correction is the
product of the Si content and the Si activation factor. This
constant is found by running a standard of 3i sand, as shown

in Fig. 226
THEORETICAL CONSIDERATIONS OF METHOD

l. Comparison of initial activities. This method
is not independent. It is made quantitative by comparing the
induced activity of a known isotope in the sample with the
same induced activity of an analysed standarde As shown in
Fig. 13, the decay graph can be confidently extrapolated to

zero, and for Al, the initial activities are compared.

Comparison is by far a better method than an attempt

to evaluate the relationship:

-O‘ 7T "’OQ Zt
A=wAv. £f cd(l-e ¢ ) g =
T o

A = Activity

w = weight of element
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Av. = Avogadro's no.
f = neutron flux
¢ = reaction cross section
= isotope abundance
= atomic weight
Time of irradiation

= time of decay

84 ¢ H =B o
]

]

half-life of induced activity

2¢ The samples must have the same geometric shapes
This is necessary because in order to fulfill the conditions
of comparison the same shape must be offered to the neutron
irradiation and the gamma~detecting scintillator crystale
The cylindrical sample containers were made of clear plastic,
with a central cavity to enable it to fit around the crystal
for most efficient counting (see Fig. 8). The outside diameter
is 3 1/2'', and 4 1/2'' high, The central cavity is 2 1/8!'!
in diameter and 2 3/8'!' high. These containers, as in Fig. 8,

hold 300 grams of a crushed igneous rock.

3. Sample sizes To fit into the container, fragments
of 1/4'' size are satisfactory. Fine crushing is not necessarys;
in fact, poor results were obtained from the powdered bauxite

samplese

Le Sample weight. The larger the better, because
the amount of induced activity is proportional to the amount
of the element present, and increasing the counting rate
decreases the statistical error., The amount of sample used is

limited bys:



Figo 8.

A.

Sample containers

Central cavity
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(a) the size of container that will fit in the
neutron tank and over the crystal in the counting position,
with easy handling, and

(b) the self absorption of gamma rays. As the sample

gets thicker, absorption increases exponentiallye.

5, Time of irradiation. The formula for induced
activity is given on page 19. The factor for radioactive

0. 7T
Z J)o This factor is graphed in fig. 9,

build-up is (l-e-
against T, the time of irradiation in number of half-lives.
It is seen that it is the mirror image of radioactive decay.
After 3 or 4 half-lives the curve is beginning to flatten out,

and maximum induced activity, or saturation, is being approached.

6o Method of Irradiation. The use of Po=-Be sources
involves the problem of trying to thermalize efficiently the
polyenergetic neutrons. When the paraffin is thick enough to
thermalize the fastest neutrons, the slower ones are absorbed,
leaving only a weak flux. It is difficult to avoid the fast
ﬁeutron reactions taking place to some extent. They are not
critical to Al analysis except for the Si, which must be
corrected for. The fast neutron effect with Al, giving 9.5
min. Mg, as shown in table 1, was not evident in the decay
curves of Al,05, igneous rocks or bauxites (see figs. 10-21
and 26-31). These samples were irradiated through 9.3 cm of
paraffin for the 10.95 curie source, and 6,0 cm paraffin for

the 5 curie source. When the source was about 1/3 curie,
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! 2 3 q 5 2] 7
Time in half-lives

Fig.9 Radioactlve build-up
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3.3 cm of paraffin was used; however, the curves were poor

and no conclusions could be drawn on the effect of fast neutrons.

Some information on flux density is available.
Source 10,95 curie on January 13, 1956
Alpha activity of Po 10,95 x 3.7 x 10%0 = 40,5 x 1010 /s

Neutron emission 2,63 x 107 n/s
Be activation efficiency 6.49 x 1077 nj/a
Calculated flux at 9.3 cm 2.4, x 10% n/s/cm2

Thermal neutron flux measured with

Au (W. Turchinetz) 9,3 cm. paraffin 5x 104 n/s/cm2

The thermal neutron flux is higher at about 10 cm
from the source because of the effect of maximum reflection

and gaseous behaviour at this distance.

The 10.95 curie source was too strong to use the
related Si analysis with a 300 g sample, because the induced

activity approached the maximum load of the counter,

The Po=Be type of neutron source has the following
advantages over a reactor type (e.g. N.R.X. Chalk River, flux
11 n/s/cm?):

(a) Low temperature. (it is 150° in N.R.X.)

greater than 10

(b) A large sample can be used. (the maximum size

that can be placed in N.R.X. is 1 3/4'"' x 3/4'")

7. Neutron capture reactions producing gamma activity.

Table 1 shows the reactions that may be expected when
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an igneous rock is bombarded by neutrons. It is divided into
two sections to distinguish the results of fast and slow neutrons.
This data was obtained from Nuclear Data, Circular of the N.B.S.,

and Nuclear Science Abstracts.

To a small extent, the fast neutron reactions will
take place during slow neutron irradiation, because of the

imperfection of the thermalization.

8.’ Sources of error. Most of these are too small
to be calculated, most of them are compensating, and most of
them are reduced in the use of a comparison method.

(a) Packing the sample in the container. Samples
should be identical in volume and shape. Igneous rocks, when
crushed in the same way, approach this coﬁdition for 300 g
samples; however, there was small variations in fineness of
crushing and density. The powdered bauxites had large differences
in density, and the weight of the samples varied from 200 to
280 g. Numbers 4 and 5 were particularly fluffy, and gave lower
results.s The experiments on bauxites indicate that an increase
of sample size of 20 g. causesan error of 8%.

(b) Weighing errors. The table balance is accurate
to within 0.1 g On a 300 g. sample, this is 0.03%.

| (c) Time of neutron irradiation. The & m. exposure
for Al approaches saturationj the activity build-up curve has
flattened off (fig. 9). Therefore, errors of a few seconds
are negligible. In the case of Nazh, with a half-life of 15

hours, the irradiation time was 16 hours. The build-up curve



NEUTRON CAPTURE REACTIONS PRODUCING GAMMA ACTIVITY

Isotope and
abundance

5328 929
5i?? 5%
016 99. 7%
A127 100%
A127 100%
4127 100%
Fe56 92%
Mg?0 11%
Na?3 100%
Na23 100%
Na?3 100%
K41 100%
Ti48 79
7340 gg

A127 100%
Mg26 119
Na?3 100%
k¥ 7
Ti50 5,44

TABILE I

Reaction

Fast neutrons

(~1Mev.n,p)
(~1Mev.n4p)
(~1Meven,p)
(~1Meven,y)
(~1Mev.n,p)
(~1Meven,a)
( fast n,p)
(~1Mev.n,y)
(~1Mev.n,a)
(~1Mev.n,y)
( fast n,p)
(~1Mev.n,y)
( fast n,p)

( fast,n’zn)

Thermal neutrons

( th n,y)
( th n,y)
( th n,y)
( th n,y)
( th n,y)

Product

2 3m Al
6. 7m Al
7¢3s N
20 3m Al
9.5m Mg
15 h Na
2.6h Mn
9.5m Mg
12 s F
15 h Na
41 s Ne
12.4h K
1.8d Sc
301h Ti

Qe 3m Al
9. 5m Mg
15 h Na
12.4h K

6m Ti

Cross sect.
in barns

0.003
0.0027
0.014
0.0004
0,003
0.0006
0.09
0.0006
0.01
0.0003
0,0011
0,003
0,023
0.053

0.21
0.05
0.6
1.0
0.14

26,

Gamma,

decay

1.8 Mev.
1.2,2.3
642

1.8

0. 84,1.01
1.38,2.76
0.8,1.8,2.1
0.84,1.01
262
1.38,2+76
2.8

1.5
0.98,1.33
0.48,0,8

1.8
0.84,4,1.01
1.38,2:76
1.46

0e32
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is steep at this time, but an error of 4 seconds would be only

0. 5%0

(d) There may be a slight error, less than 1 second,
in timing the removal of the sample from irradiation. This is
time zero on the decay graph. Consideration of fig. 12 indicates
that a timing error of 1 second would shift the curve laterally
a distance less than the width of a pencil lines This is much
less than the error in drawing the line, and because the timing
control is better than * 1/2 s., this error is insignificant

and was not included by Knutson in his summation of error.
(e) Counting errors.

(e) 1. The statistical counting error of the
photomultiplier tube is * the square root of the
number of countse. \

(e) 2. There is some error in reading the
moving dial which is estimated at about 0.1%

However, both these errors are directly
compensated by drawing the best line between points.
Knutson evaluated these errors at + 2.1%. They are
the major factors in the error of the method.

(e) 3. Electronic components, especially in
the discriminator and the counter, may drift and
vary the discriminator levels. This caused quite
a bit of trouble during the year, and is the cause
of some anomalous results. It can be the cause of

systematic errors during the daye.
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(f) The other elements present may interfere by
their induced activity, or by absorption of gamma rays, and
may cause systematic errors. The results of these experiments
(table 3) showed that such systematic errors did occur, because
the activation constants for the basic rocks are higher than
those of the acid rocks. This effect may. be due to the
interference of the basic elements, especially Fe and Mg.

The success of this method must depend on the comparison of

the sample with a similar rock type.
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PART IIT
ALUMINUM ANALYSIS
Al ANALYSIS IN IGNEOUS ROCKS

l. The standard samples used were a suite of acid
to basic igneous rocks, chemically analysed by the Minnesota

Rock Analysis Laboratory. These are shown in table 2.

s Experimental data. The decay curves of the
inducgd activity of the igneous rocks are shown in figures
10 - 20, The curve for an Al.casting and AléOB powder used
py Bramadat is shown in fig. 21. The initial activity of the
23 m A128 component is taken from the graph. However, this
activity is due to more than one nuclear reaction, as

considdred on page 26.

The contribution of Si was determined experimentally
by running a 300 g sample of Black Island silica sand, 99+ 33%
SiOé; The decay curve is shown in fig. 22 The initial activity

was 2.8 counts/30s/g SiOéc

The contribution of silica to the 2.3 m component
is found by multiplying this activation constant by the silica
content. After subtracting the silica correction, the initial
activity remaining is due to the Al content, and is proportional
to the amount. The activation constant, in counts/30s/g AléOB,
should be the same for all samples, and these are compared

in table 3.
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TABLE 2
UNIVERSITY OF MINNESOTA
ROCK ANALYSIS FOR INDUCED RADIATION RESEARCH

R - 1883 R -1791 R - 1737 R - 1738

Si0, 7775 67, 30 65.49 6413

A1,0, 12.71 15444 14449 16.77

Fes03 0,39 1.77 2,11 1.96

FeO 0.47 1.83 2.90 .69
MgO 0. 34 1.52 2045 1.29

Ca0 0.68 kel9 be 29 2.72

Na 0 6o 24 3.10 280 3.92

K0 0.40 3.68 3.66 5.77

Ho0" 0. 38 0.35 0456 0.39

H,0~ 0.13 0,07 -  0.05 0.19

co, 0.40 0,05 0,02

Ti0, 0.21 0. 32 0.65 0.52

P05 0.01 0.15 0.21 0.23

MnO 0.01 0.10 0.10 0.05

Sr0 0.04 0.02 jffff;f;
Ba0 0.05 0.10 |

s 0.01 0.01

Sodaclase
Microgranite Granodiorite Grandiorite Monzonite
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TABLE 2 (continued)

R - 1751 R - 1730 R - 1803 R - 1982 R - 1989

510,  58.45 56,13 54.75 49.65  49.21
Alx05  15.71 1739 12.20 13.22 1424
Fep03 1.61 he32 6,48 1.58 2436
FeO 6. 76 Relidy 8.78 11.76 10.59
MgO 1.3 Ls 02 2.97 YN 5473
Cal Le97 7.69 408 8.98 9.14
Na 0 s 08 2.63 418 2.71 2.72
K50 3.98 0. 64, 1.17 0.97 0.97
H,0* 0.31 ¢ 55 1.61 0.59 1.00
H,0" 0,08 1.64 0.15 0.18 0.19
co, 0.23 0.01 1.52 0,04 0.02
Ti0, 1.46 0.47 1.50 3493 2,33
P05 0.61 0.06 0.15 0.53 0.50
MnO 0,14 0.17 0.16 0.21 0.19
Sro - - | - - -
Ba0 0.14 - 0.05 - -
S 0.07 - 0. 34 0.08 0.07
Syenite Granophyric Basalt Coarse

Gneiss Dacite Diabase Dike Diabase
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TABLE 2 (continued)

R - 1988 R - 1987 R - 1767
8102 49.18 4le 31 38,91
Al,04 13.82 12.12 6,98
Fen04 2646 3052 493
FeO 10.99 14.57 - 29.07
MgO 5 lsly 6.58 3.85
Cal 9.16 11.07 6e55 i
NaZO 2. 72 2,06 - 1.00
K»0 0.98 0.16 0.42
H,0* 1.04 0oLy Oe 34
H,0" 0. 20 0.06 0.07
CO, 0.04 0.05
TiO0, 299 7.04 4o 70
P205 0.56 0.63 | 1.61
MnO 0.20 0.21 0.52
Sro0
Ba0
S 0.09 0.10 FeS,- 0.98

Diabase Basalt Garnetiferous
Dyke Hornfels Ultramafic

(Chiil Zone) Gabbro
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(continued)
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3¢ Error. The sources of error were discussed
on page 25, and in this section the amount of error found
in the analysis of chemically analysed standards will be

reported.

Precision. The error in the repetition of a standard
in percent is showin in the second part of table 3. This data
is plotted as a histogram»in fig. 23, The shape of the
histogram indicates that the error is distributed according
to the Gaussian curve, that is, normal statistical distribution
from zero. This is the distribution of compensating and

statistical errors. The standard deviation is

1 «n
o "'\/ % % (deviation)?®

= 403%

This means that the probability is 68.3% that the error of

any repetition will be less than k. 3%.

Accuracy. If any of the standard samples was
considered as an unknown, then the AléOB content would be
found by dividing the corrected initial activity by the
activation constant of another standard sample. The error,
in relative percent, between the given and experimentally
determined AléOB content will be, however, the same as that
found by comparing the activation constants directly. Therefore,

in table 3, the relative error between activation constants

was calculated for every combination of determinations. These
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errors are shown in the second part of table 3, and are plotted
as a histogram in fig. 24. The shape of the histogram indicates
a Gaussian distribution, but it is a broader curve than fig. 23

for the precision. The standard deviation is 6.95%.

The error would be considerably reduced if comparison
was made only between similar rock types. Table 3 shows that
the activation constant increases in the basic rocks, and this
produces systematic error. In table 3, the rocks are listed
in order of increasing activation content, and this is also
the order syenite=-granite-diorite-<basic rock. R=1738 is the

only anomalye.

The errors in the analysis of the acid rocks, R-1751,
1730 1791, and 1883, considered separately, have a standard
deviation of §,2h%. For the basic rocks 1988, 1803, 1767,
1989, and 1982, which make up most of the experimental data,
the standard devigtion is 5.42%« The error frequency histogram

is shown in fig. 25.

It is reasonable to assume that most of the larger
errors were caused by fluctuations in the equipment. It is
known that the counter sensitivity is variable. These
conditions can be improved. Therefore, the lowest standard

deviation found can be confidantly used.

If the Si analysis had been done by this method (Knutson
1954), and was therefore subject to * 2.5% error, the increased

error of the Al analysis from the Si correction would be + 0.52%.
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This increases the error in the Al analysis to * 5.94%.
ke Conclusions

The induced activity analysis of Al in an igneous
rock, when ?ompared to a standard of a similar type, and
allowing * 2.5% error in the silica analysis, will have a
probable error within 6%, and may therefore be reported as

15 + 0.9% A1,05.

Starting with crushed samples, 9 determinations can
be made in an 8 hour day, of which 3 would be standards,
6 unknowns. If the decay curves were recorded automatically,
lgaving the operator free for weighing and calculating,
12 determinations could be made. Therefore, the method is

fast and suitable for routine work.

The decay curve of the Al casting does not have the
same shape as the other samples, therefore its constant cannot
pe expected to be phe sames It decays with a half life of
2¢5 m, instead of 2.3 m., because of the impurities Cu, Mn,
Ga, Zn, Co, and Sc in cast Al. Cu may be an 8% alloy; it
has a half life of 4.34 m.3 it is the probable cause of the

longer half life.

The increase of the activation constant in the basic
rocks may have two contributing causes. Firstly, the basic
rocks are denser than the acid rocks, and because in most
cases an equal weight sample, 300 g, was used, there was a

slight difference in sample shape. The extra volume of the
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lighter acid rocks fills the upper central part of the
container, the part farthest from the neutron source and the
surrounding o0il bath that thermalizes the neutrons. It will

be experimentally proven in the following section ''Al

Analysis In Bauxites'' that the decrease in the activation
constant by increasing the sample size is considerable.
Secondly, the basic rocks have more éctivity caused by Fe and
Mg, which may not be completely corrected for in the resolution

of the 2.3 minute A128 component.
ALUMINUM ANALYSIS IN BAUXITES

l. A set of 5 analysed samples of bauxite was
kindly supplied by the Aluminum Laboratories Limited, Arvida,
Quebec., The other bauxite was one used by Bramadat, and
analysed by the Mines Branch, Winnipeg) (see table 4). On
the 1l4th of April, 1956, Bauxites no. 2 and no. 5 were
dehydrated over a meeker burner. There was some dust loss
due to boiling of the powder. Some absorption of moisture
from the air was noticed. The weight loss is therefore not
accurately known, though complete dehydration was approached.
The given analyses did not include HéO and this was assumed
to be the unaccounted for part of 100%. On this basis the
ana}yses were recalculated to 100% and are included in table 4
as 2D and 4D (dehydrated). Except for Bramadat's bauxite,
these samples are powder fine, and when loaded into the
container they tend to fluff up, especially no.'s 4 and 5.

The error caused by trying to reproduce the packing is
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considered in section 3, below

2, Experimental data. The decay curves for the
activated bauxites are shown in figures 27 to 32. The activation
constants, in ¢/30s/g A1,04, obtained from these curves, are

given in table 6.

3 Error. The experimentally determined error is
shown in the second part of table 6, calculated from the
comparison of the separate determinations. Sources of error
are the same as in igneous rocks and are given theoretical

consideration on page 25.

It was experimentally difficult to fill the containers
to the same level every time, because of the fluffy nature of
the bauxite powders, and this is believed to be the major
source of experimental erﬁor. The seriousness of changes in
sample shape and size was tested by running different weights
of a §ample. The data of these experiments is shown in table 5.
Fig. 26 presents the results graphically, and shows the
pronounced decrease in the induced activity as the containers
are filled with larger amounts of the Sample. ’An estimated
weight variation in the éctual experiments is 20 g3 this would

cause an error of about 8%, and accounts for the poor results

of bauxite determinationss

- Precision. The precision in repestition is shown in
table 6, and is plotted as a histogram in fig. 33. The standard

deviation is smaller than that of the igneous rocks although
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EFFECT OF CHANGE OF SAMPLE SIZE ON BAUXITE DETERMINATIONS

sample

4D
4D
4D
4D

Vi Wt Ww»v W

samplel

weight
100g
130
}70
210

190
120
}60
210

sample
shape

A

figo 26
B

4

A

fig.26
Bs

weight
A1203
70
91
119
147

L6e1L
5504
739
97.0

initial

activity
3200
3780
4300
4550

2600
2060
3450
3860

c/30s/g AléO

456
4le5
36.1
30.1

56;3
53e4
46.6
39.8

3
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determinations
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they should theoretically be the same. The discrepancy is
probably due to the small number of repeat experiments done
on the bauxites, and to the fact that many of these were
repeated without changing the sample, thereby eliminating

weighing and packing errorss

Accuracy. The error between each combination of
determinations is shown in table 6. Fig. 34 is a histogram
of the error frequency, The histograms illustrate the
discrepancy between the precision and accuracy of Al analysis
in bauxites, and show large experimental errors. In general,
the fluffy bauxites no.'s 4 and 5 gave lower activation
constants than the others. Although fig. 34 does not suggest
a Gaussian curve, the standard deviation is 11.7% for comparison

with the other standard deviations.
L4e Conclusions.

Induced activity analysis in bauxites was not
performed satisfactorily. Although theoretically feasible,
the experimental determinations gave high errors. The probable
source of these large errors is in packing. Better results
would be obtained by using a volumetric container and a

coarser sample, say plus 4O mesh.

In the containers used, the induced activity is not
evenly distributed. The part in the bottom, between the two
cylinder walls (see fig. 8), is closer to the neutron source

and the surrounding oil bath that thermalizes the neutrons,
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and this part of the sample contributes the main part of

the induced activity. Also, the increased gamma absorption

in the top part of the sample as it gets thicker would add to
this effect. Little is gained if the sample size is increased

by piling up on tope.

The bauxite samples contained less than 5% silica,

and the correction was negligible.
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(continued)

TABLE 6

No.1l No.2 No.3 No.4 No.5 Precision Accuracy

Bramadat'ts

Al .
Casting A1203 Bauxite

Flux
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Fig.3h Accuracy of Al analysis in bauxites
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PART IV
SODIUM ANALYSIS IN IGNEOUS ROCKS

1. Introduction. Induced radiocactivity is a labor
saving method for the quantitative analysis of Na in igneous
rocks. After crushing,the operation proceeds with only
periodical attention from the operator, actually taking less

than one-half hour.

2+ Method. 300 gm. samples of crushed igneous rock
were used, the same as for Al analysis. The background and
natural radioactivity was measured for each instrument setting.
They were irradiated with slow neutrons overnight (16 hours)
and then left for 7 hours. In this time, most of the activity
due tg.the Si, Al, Fe, and Mg content disappeared (see Table 1
Page 26). The longer lived unstable isotopes of Na and K are
now the main sources of induced activity. However, the effect
of Na will be dominant, by about 17 times that of K, because:
(a) Na?3 has 100% abundance while K¥l has 7%.
(b) Na is usually twice as abundant as K in igneous
rockse
(c) K has a cross-section for the thermal neutrons
of 1, Na 0.,6. |
The decay curves of some igneous rocks, showing Na?h activity
are shown in Fig. 35. Four gamma counting methods were t?iedf
(a) Integral counting of all energies above 662 Kev

(b) Integral counting of all energies above l.4 Mev
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(c) Differential count of the 1.38 photopeak,
gate 1.32 - 1.52 Meve ' .

(d) Differential count of the 276 photopeak,
gate 2.63 = 2.81 Mev.

Methods (a), (b) and (c¢) have, in that order, the
fastest counting rates, and take less than 15 minutes to
count. Their disadvantages are, firstly, a high background
count, and secondly, the inclusion of other induced activities
which are not corrected fore. Potassium, and probably Fe,
interferes The fast neutron reaction probably takes place,
and gives high results for the high-iron rock R-1767. Method
(c) includes the count of the 1.46 Mev photopeak of K.

Methods (c) and (d) have the weakness of the low efficiency
of the photoelectric effect for high energy gammas. The
counting rate is low, and (d) will require a half hour counte
The advantage of (d) is that there.is.no interference. The
background is low, and only the Na24 2. 76 Mev photopeak is
coveredes A further advantage in this method is that the

7 hour delay period to eliminate interferring activities can

be dispensed with, and in consequence a higher counting rate

will be available. than that reported in table 10,

3¢ Experimental data is given in tables 7 - 10,
as follows:
Table 7 - method (a)
Table 8 - method (b)
Table 9 - method (c)
Table 10 - method (d)
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R-1767 gives excessively high results for methods (a), (b)
and (c). This rock is exceptionally high in Fe, containing

29% FeO and 5% FeéOB, as shown by table 2.

ke Error. The sources of error are the same as
for the Al method in igneous rocks, except for the absence
of the errors of graphing ane calculation, and the additional
errors of interference. The interference of K is small, and
'did not give noticeable error. The effect of Fe was only
noticed in the case of R-1767; however, that it exists is
clearly shown in fige. 35. R=1803 and R-1751 have similar
amounts of Na;O, (4:18% and 4.08%), and their decay curves
coincide after 4 1/2 hours. Up until that time the curve
of R-1803 (8.8% FeO and 6.5% Fe:203) had greater activity than
that of R-1751 (6.8% FeO and 1.6% Fe,05), because of the
2.6 hour Mn induced from Fe50,

Method (a) gave results accurate within 11%, with

one large exception, R-1767.

Method (b) gave results accurate within 14%, with

one large exception, R-1767.

Method (c¢) gave results accurate within 20%, with

one exception, R-1767.

Method (d) gave results accurate within 10%, except

for R-1883, which was 15% too lowe
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TABLE 7

Na analysis in igneous rocks by integral count of

induced gamma activity above 0,662 Mev, method (a)

Activity Corrected Weight :
Sample counts/m Background c/m NazO c/mfg Na20
R-1883 30 :20 248 ;277:2 18..‘7;2 148
R-1883 3133 252 2881 18,72 154
R-1791 1731 ?52 1479 9. 30 160
R=1737 }681 277 }Agh S.QO 167
R-1751 ?355 ?27 2028 l?.gL 165
R-1751 2087 211 1876 12.24 153
R-1730 1365 135 1230 7089 156
R-l80§ 2125 256 1869 12.54 149
R~l982 1521 180 1341 8,13 165
R=-1989 1480 166 1314 8416 }61
R-1767 105} 164 887 3.16 281

R-1767 1122 155 967 3.16 306
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TABLE 8

Na analysis in igneous rocks by integral count of

induced gamma activity above l.4 Mev, method (b)

Sample %§§§¥§7§ Background Cor§7;ted Wﬁ;igt c/mfg Na;o
R-1883 1350 90 1é60 18«7? 6743
R-1883 1273 75 1198 18,72 6lya1
R-1791 7§g 67 665 9.30 71.5
R=-1737 722 91 631 8.40 7561
R-1751 1038 187 851 12,2, 6946
R-1751 911 66 845 12,24 69.1
R-1730 599 45 554 ?.89 7043
R-1803 930 81, 846 12.54 67.4
R-1803 892 6? 830 1é.54 6642
R-1982 626 52 57 8.13 70.7
R=1767 373 41 332 3,16 105

R=1767 363 53 310 3.16 98,1
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TABLE 9

Na analysis in igneous rocks by differential count

of induced gamma activity 1l.32 to 1.52 Mev, method (c)

Activity Corrected Weight .
Sample counts/m Background c/m Na20 c/mfg Na 0
R-1883 @72 30 @4% 18a7é ésaé
RAL79L 268 39 229 9.30 2.6
R=1737 281 30 251 8440 2847
R-1751 328 30 298 12 24 2he3
R-1751 37k 30 3hk 12¢24 8.1
R—l?BQ 221 23 201 789 ?5r5
R=1982 236 29 207 8¢13 25.4
R-1767 127 28 99 3.16 31.3

R=1767 118 28 90 3,16 2845
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TABLE 10

Na analysis in igneous rocks by differential count

of induced gamma activity 2.63 to 2.81 Mev, method (d)

Activity ‘ Corrected Weight .

Sample counts/m Background c/m Na 50 c/m/g Na,0
R-1883 174 11 163 lS.?é 8469
R=1791 96 10 87 9. 30 9w?5
R-1737 95 9 86 8;@0 10,2
R-1751 137 11 1#6 12.24  10.3
R=-1751 136 12 léh 12.24 lQ.l
R~1730 86 10 76 7w89 9.@4
R-1803 141 13 128 l?.54 10.2
R-lSO? 134 ? 1é6 lZ.Sh 10.1
R=1982 91 12 79 8.13 9.71
R=-1767 L3 13 30 3.16 9¢49

R-1767 L2 10 32 3.16 10. 3
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5. Conclusions.

Rapid analysis of Na in igneous rocks is feasible
by measuring the induced gamma activity. Counting the 2.76 Mev
photopeak excludes the interference of other elementse. The

probable error will be within 15%.

R-1767, a rock exceptionally high in Fe, gave high

results in the other methods tried.

The scintillation counter must be checked every

day to make sure that the counting rate is constant.
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PART V

ALPHA COUNTING
PRELIMINARY EXPERIMENTS

l. Introduction. Alpha counting is a direct, fast,
method for the quantitative analysis of U and Th, and is
sensitive in tracg amounts. Hurley and Fairbairn (1953)3
Larsen et al (1952), and Kulp, Holland, and Volchok (1952)

have used it in geological investigations.

The U content is necessary for the age determination
of granitic rocks by the zircon method. It is anticipated
that dating parts of granitic rocks will help solve some of
the structural and genetic problems of geology, and the zircon

method has appealing advantages.

Larsen, Keevil and Harrison (1952) used an age formula
which required a trace lead determination and an alpha count.
The constant in this formula includes the Pb/Uf/age constant,
the apparatus constant (alpha/U), and to a satisfactory extent,

a correction for the Th content,.

The zircon method of Holland and Gottfreid (1955),
requires an alpha count (or U determination) and a measurement
of the structural deformation by X-ray crystallography. His
charts convert this data into the solution of the equation
"time‘x activity equals deformgtion!t!'.s In the structure of

~b 4

zircon, independant 8104 tetrahedra are linked by Zr+ in
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8 fold co-ordination. However, the radius-ratio of Zrth

to 072 is theoretically 0.66, which is in the 6-fold

coordination ratio range (0.41 - O0.73); therefore the arrangement
is not stable and is deformed by radioactivity. Although the
atomic radii of U*s (1.05) and Th*% (1.10) are larger than

Zr*4 (0.87) there is some substitution which makes zircons

radioactive.

2¢ Theoretical considerations.

(a) It is assumed that the U series is in equilibrium.

(b) Th will interfere with these methods. However,
Larsen claims that the Th content is small and fairly constant
and is satisfactorily corrected for in his equation constant.
There are 8 alpha emissions in the U238 series, ranging in
energy from 4,18 to 7.68 Mev. There are 6 alpha emissions
in the Th series, ranging = in energy from, 3,98 to 8.87 Meve
u238 disintegrates 3 times as fast as The32, Therefore, the
U equivalent of Th is

(a) for o activity x

%oy
w =

1
b

(b) for Pb content 1
3

(c) Alpha particles are heavy and easy po stop, they
have an atomic weight of 4, and a charge of plus 2. They will
not even penetrate a layer of paper and this is the difficulty
in cbunting them. The sample must be as close as possible

to a bare phosphor.

(d) The thin layer of phosphor powder will stop the
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alphas. Most of the betas and gammas will penetrate the
phosphor, and the scintillations that are produced can be
discriminated out because they have less energy than the

alphase

3¢ . Apparatus. The same scintillation counter
set-up is used, the ohly change necessary is the phosphor;
see fig. 35, For alpha counting, ZnS(Ag) gave the best results.
A plastic sheet type was tried, with no success. The idea
behind the plastic sheet was that the beta and gamma rays would
pass right through and only the alphas would count. Also,
the sheet was very convenient for sample application. The
powdered sample was simply spread directly on the plastic
sheet, and after counting, could be brushed clean. On the
other hand, in the use of ZnS(Ag), this powder must be
sprinkled on into silicone o0il, and the photomultiplier inverted

over the sample so that the phosphor will not be contaminated.

Le Procedure.

(a) The detector unit was checked to make sure that
it was light kight. The house was made up of a detachable
cylinder, fitted on the aluminum basee

(b) The end of the photomultiplier tube was lightly
smeared with silicone oil. The powdered phosphor, ZnS(Ag),
was sprinkled lightly into this oil,

(c) The alpha emitting sample, ground to a powder,
is placed in the sample holder. This is a plate of lucite

with a circular depression 1 m.m. in depth. The diameter of
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this depression was one quarter inch less than that of the
photomultiplier tube, so that the sample does not touch the
phosphor on the end of the photomultiplier. This arrangement

is shown in fig. 36.

(d) Turn the amplifier up as high as it will go.
Although the alphas may have high energies, the scintillation
in this phosphor is long and not too intense. Also, as there
is no reflecting syste@ around the phosphor, as there is in
a Nal crystal, only a 2w portion of the scintillations reach

the photomultiplier tube,

(e) Energy calibration of the system. A strong alpha
emitter, Th in form of Th(NOB)A’ was placed in the sample
container, The differential discriminator was used with a
fairly wide gate opening. The differential, or energy, spectrum
was taken for two runs. In run (a), a slip of paper was placed
between the sample and the phosphor. This acted as an alpha
filter, so that the phosphor received only betas, gammas, and
cosmic rays. In run (b), the paper was removed and the alpha
spectrum obtained. See fige. 37. This graph show§ alpha radiation
is being detected. The rate of about 400 ¢/m or 24000 c/h on
the differential discriminator would be increased by an integral
count, if total alpha count was desired. A significant feature
of the graph is the trough at about O.4 on the bias. This is

the upper energy of the gammas and the lower limit of the alphass

(f) A sample of ground zircon from the mineralogy
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museum was placed in the container and covered with an alpha

filter. The integral discriminator was set at 0.8 on the dial,

so that all counts of energy above this level would be counted.

The first run with the alpha filter gave the background at
20 ¢/he Then the alpha filter was removed, and the alphas
counted for one-half hour at the same settings. The rate was

2[]—0 C/ho'

5¢ Resultse. Crushed zircons, with an assumed
U content of about 40 p.p.m., gave an alpha count of 240 c/he
The background, caused by noise and high energy cosmic rays,

was 20 c/h., leaving a net activity of 220 c/h.

6o Conclusions.
(a) Sheet plastic phosphor does not work.
(b) Using a ZnS(Ag) phosphor, the alphas from
a trace amount of U or Th can be counted at a satisfactory
rates
(c) The rate could be increased by
(1) scanning a larger sample area with the
photomultiplier tube, and
(2) grinding the zircons to a finer powder,

below 100 meshs,

7. Future problems. The constant relating alpha
count to U or Th-U content must be evaluated. The easiest way
would be to write to Dr. P.M. Hurley at M.I.T. and ask for

some of his measured zircon sampless
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