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I. INTRODUCTION

One of the most recent additions to the available techniques for
detecting ionization radiation has been the scintillation counter. 1In
its simplest form it consists of five parts - the scintillation crystal,
the photomultiplier, the linear amplifier, the pulse height analyzer,
and either a scaler or a count rate meter. The ionizing radiation
enters the crystal and causes atomic or molecular excitation, and the
excitation energy may be given off in the form of light as the atoms
or molecules return to the ground state. The light leaves the crystal
and falls upon the photocathode of the photomultiplier, where a number
of photoelectrons, proportional to the light intensity, are emitted
from the photocathode and are accelerated to the first dynode. At
each dynode the number of electrons is increased, until a voltage pulse
is created at the anode with an amplitude proportional to the light
intensity emitted from the crystal. This pulse is amplified, fed to
the pulse height analyzer, and recorded.

The anthracene scintillation counter as a detector of electrons
and electromagnetic radiations has become increasingly important to
experimental physicists. This importance stems from such properties
as the relatively large pulse output, the difference in counting
efficiency from beta-ray and gamma-ray sources, the very fast time
constant, the good resolutions attainable, and the relative insensitivity

of pulse height to temperature changes. Such properties suggest the




application of anthracene counters to beta-ray spectrometry and
dosimetry.

In contrast to other types of scintillation counters, such as
the sodium iodide counter, comparatively little information is available
regarding the response to monoenergetic electrons. Breitenbergerl has
called attention to the need for more information on resolution with
various reflector and crystal geometries. Table I gives a summary of
the data available on the response of anthracene to monoenergetic
electrons. Apparently there is a need for additional information on
monoenergetic electrons incident on very thin, bare anthracene crystals.
The purpose of this report is to provide information regarding the
pulse height response of an anthracene scintillation counter to mono-

energetic electrons and the distribution of the pulse height spectra.

1 Breitenberger, PROGRESS IN NUCLEAR PHYSICS, Vol. k, (Frisch, ed.),
Pergammon Press, London, 1955, chap. 2, p. T6.



Table I Summary of Existing Data

Observer Source of Photomultiplier Type of Foil
Radiation Pulse Analyzer Cover
Hopkins2 B-ray spectrometer RCA 5819 integral yes
Taylor et a.l.3 pulsed electron gun RCA 5819 integral not stated
Robinson and
Jentschke” k-capture x rays RCA 5819 differential yes
Fowler and Roos’ x-ray tube RCA 5819 differential not stated
Birks and Brooks x-ray tube EMI 5060 differential not stated
Crystal Energy Range Linearity of Resolution
Thickness Studied Response with Energy Studies
Hopkins 1.29 cm 30-1900 kev linear above 125 kev yes
2,50 cn 800-3200 kev linear above 125 kev yes
Taylor et al. .25 cm .5-624 kev linear above 100 kev no
Robinson and
Jentschke 1.00 cm 9-24 kev linear within error no
Fowler and Roos .2 cm 10-40 kev linear within error no
Birks and Brooks .2 cm 6-30 kev linear within error no

Hopkins, J. I., Rev. Sci. Instr. 22, 29, 1951.

3 Taylor, C. J., Jentschke, W. K., Remley, M. E., Eby, F. 5., and Kruger, G., Phys. Rev.

8k, 1034, 1951.

Robinson, W. H., and Jentschke, W., Phys. Rev. 95, 1412, 195k,

Fowler, J. M., and Roos, C. E., Phys. Rev. 98, 996, 1955.

Birks, J. B., and Brooks, F. D., Proc. Phys. Soc. (London) 69B, 721, 1956.



II. THE PULSE HEIGHT DISTRIBUTION

A characteristic of the scintillation counter which limits its
usefulness somewhat as an electron spectrometer is the fluctuation in
pulse height which is observed when the crystal is bombarded repeatedly
with monoenergetic electrons. Some of the electrons may be scattered
from the crystal after leaving only a fraction of their energy to be
converted to light within the crystal. There is also a possibility
that the light quanta may leave the crystal in a direction such that
they are not incident upon the photocathode., Loss of light from this
cause may be reduced by using reflectors around the crystal and photo-
multiplier to redirect as much of the light as possible onto the photo-
cathode. The light is attenuated as it passes through the crystal to
the photocathode. Since the attenuation is a function of the distance
the light travels through the crystal, this attenuation may be minimized
by making the crystals no thicker than the range of the electrons. The
number of electrons leaving the photocathode varies somewhat for a given
light intensity, and there is some variation in multiplication at the
subsequent dynodes. Also some of the photoelectrons may escape being
multiplied, which results in a variation in the voltage pulse at the
anode. All of these processes add together to produce a distribution

T

of pulse heights. Breitenberger' has given a detailed analysis of

these fluctuations in which he shows that the resulting pulse height

1 Breitenberger, E., op. cit. pp. 56-9k.



distribution is by no means simple, For most purposes, however, the
pulse height distribution may be considered to be a gaussian with a
width proportional to the square root of the energy of the incident
electrons.

An expression for the gaussian pulse height distribution can
be derived on the basis that the distribution is determined by the
statistical variation in the number of photoelectrons produced at
the photocathode of the photomultiplier. The pulse is proportional to
the number of photoelectrons emitted from the photocathode, This can

be stated as

h =gn, and H = gr, (1)

where H is the pulse height at which the pulse height distribution is
a maximum, h is any other pulse height, r is the average number of
photoelectrons emitted from the photocathode, n is any other number of
photoelectrons associated with a pulse height h, and g is the gain of
the photomultiplier and amplifier. It was found experimentally that a
linear relation exists between the maximum of the pulse height distri-

bution and the incident electron energy. This can be written,

E - i = aH, (2)

where E is the electron energy, i is the intercept on the energy axis,



and @ is a constant. If E is expressed in kev, and H is expressed in
pulse height units, (phu), o takes the units kev/phu. From (1) and

(2) we see that

E-1=Kr, (3)

where K is another constant having units of kev/photoelectron. The
constant K can be interpreted as the average amount of energy absorbed
in the crystal required to produce a photoelectron at the photocathode.
Finally, if the distribution of the number of photoelectrons per electron
incident on the crystal is a gaussian, the expression for the distri-

bution may be written as

1 (r - n)?
P(n) = exp [- — ] ) (%)
2nr 2r

where P(n) is the probability of n photoelectrons being emitted, and

r is the average number of photoelectrons emitted. We can rewrite

(4) as,

1 (L - n/r)?
P(n) = exp [- f;-"-—*f—— ] ) (5)
2nr 2
and fram (1),
n h
- -, (6)
r H



Also,

P(n)dn = G(h)dh ,
where G(h) is the counting rate of pulses of height. i, Then

dn
P(n) — = G(n) . (1)
dh

Substituting in (5) from (1), (3), (6), and (7) we have

-

(dn)/(dn) (E - 1)(1 - h/m)?
6(n) = [ ] :

7/ 2n H/g =P

2K

(an)/(an) [ (E - 1)(® - n)? }
—— XD | - .

G(h) = 5 (8)
/ 2n H/g 2KH
Substituting from (2),
(an)/(dn) a2 (H - h)2
G(h) = —————— exp [— — ] . (9)
2K (E - 1)

en H/g

For convenience two other terms may be defined,




(an)/(dn)
¢ = —m—n, (10)
“ 2n B/g
and
8% = 2K (E - 1) . (11)

These terms will be constants for any specific electron energy. To
simplify the equation further, let (H - h) be designated as AH, Making
these substitutions, (9) becames

a? (AH)? ] (12)

G(h) = C exp {- —
a

Now, for a particular distribution, when h = H, G(h) = C. That is, C
is the counting rate at the maximum of the pulse height distribution.
Also, if we choose a particular h, say h. such that G(hg) = C/e, we

see that [az (o) jl a2 = 1, This means that atl/e times the maximum
counting rate aﬁa represents the half width of the distribution; there-
fore, a? is proportional to the square of the half width. According
to (11), then, a linear relation exists between the square of the half

width and the electron energy.




ITI, THE SCINTILLATION RESPONSE

A theory for the scintillation response of the scintillation
counter which closely follows Bowen's "exciton" theory for ultra violet
radiation, has been proposed by Birks.8 The electronic energy which is
induced by the incident radiation moves about from molecule to molecule
until it is captured by one of them. The molecule that captures the
"exciton" then either quenches it or fluoresces. That is, the passage
of corpuscular radiation through the crystal causes damage to the
molecules of the crystal, which then act as quenchers for any "excitons"
that may have been produced. The pulse from the photomultiplier is
proportional to the number of light quanta produced within the crystal
and is denoted by S. The energy of the particles is denoted by E. Two
other terms gg (volts/cm), called the specific fluorescence, and
%g (Mev/cm), called the specific energy loss, are defined where x is
the residual range of the particle in the crystal. %g is proportional
to the light quanta produced per unit path length and can be used as a
measure of the photons per cm path length. Now, the number of "excitons"
producéd per unit path length is proportional to the specific energy
loss. Denote this by A %E, where A is the constant of proportionality.
The local concentration of damaged molecules at a particular point withe
in the crystal is also proportional to the specific energy loss. Denote
the number of damaged molecules per undamaged molecule by B %g, where B

is constant of proportionality. Now let k be the capture probability

8 Birks, J. B., Proc. Phys. Soc. (London) 64A, 874, 1951.




10
of a damaged molecule, or quencher, relative to the capture probability
of an undamaged molecule, or photon producer. Then,
ds A(aE)/(ax)

— = . (13)
dx 1 + kB(aE)/(ax)

According to Glocker,9 Libby,lo and Lane and Zaffaranoll the

range of electrons with energies from 1 kev to 300 kev is proportional

to the 5/3 power of the electron energy. This may be written
x=D E5/3 s (1)

where x is the residual range and b is a constant. Now,

dx

— -5/3b /3, (15)

p .,
but

ds ds dr

—-—. =, (16)

dx dE dx

and from substitution of (15) and (13) into (16),

? Glocker, R., Zeits. f. Naturforsh,3A, 147, 1948.

10 Livby, W. E., Anal. Chem. 19, 2 (1947).

1 Lane, R, O., and Zaffarano, D, J., ISC-439. Available from
Technical Information Service, Osk Ridge, Tennessee.




ds A

dE 1 + %%5 E"2/3

Hence,

AdE
S=f .
-2/3
0 1+ %%2 E

To integrate Equation (17), let y = 1 + == 3B g /3. Then,

5b

3kB
1
5= 5b 3/2
[3kB (y - l)]
& - 3/2 ay
\3/2
3k_‘B 1 ) 5/ 2

Then (17) becomes,

3 3/2 dy
S=;A< > jﬁ@ g=2/3 ﬂy-D52

(17)

(18)

(19)



Now, let y = 1 = Z~, Then

dy = 2Z4z,

and (19) beccmes,

(5 >f e S

< >1/2 a3 (Rae1)zt
5b
This function is listed in tables of integrals,12 and yields

(2[5 k)]

On substitution of the lower limit,

(2[5 T g () ),

3( kB>3/2 < 3BN/2

(21)

Equation (21) gives the relation between the pulse height response of an
anthracene scintillation counter and the electron energy. For high
energies the first, third, and fourth terms of Equation (21) become

negligible in comparison with the second term. Then,

12
Dwight, H. B., TABLES OF INTEGRALS AND OTHER MATHEMATICAL DATA,

MacMillan Co., New York, New York, 193%, p. 25.
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3/2

) [@_/2]

3kB
S=3A<5b

S = AE ., (22)

Thus for sufficiently high electron energies (21) predicts that the
pulse height response will be linear with energy. For low electron
energies the arc tangent term becomes important. The expansion of

this term yields

/3

/3 E
<§b31§_3>1/2 ¥ ; @__'1?>3/2 ) i (%1;_13 5/2

1/2

3kB n

ta.n-l<_> E-l/?’:_._
5b 2

(23)
/3 = (23)
3kB 7/é ) 3kB 9/2
DAy

Substituting (23) into Equation (21) and neglecting any terms beyond

the E3 term in the expansion,
3/2 /3 £1/3 3

() [ T
5b
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or 2 3
Bz B gy 185 BT
S = E - 5 E + 3 E (2k4)
kB 21 k°B 81 k3B

Hence, at low energies the pulse height response is not & linear
function of the energy, but it is roughly proportional to the 5/3
power of the energy. The relation given in (22) can be deduced from
(13) without assuming a range-energy relation as in (14) by noting
that, for high energies, %g is small, The first term of (24) can be
deduced from (13) by noting that, for low energies, %g is large and
utilizing the range-energy relation.

Another theory has been proposed by Wright,l3 but according to
Swankllb the shape of the pulse height versus energy curve found from
Wright's theory is sufficiently similar to that predicted by Birks8
that the accuracy of the present experimental data is not adequate to

decide between them,

3 wrignt, 6. T., Phys. Rev. 91, 1282, 1953.

Y Syank, R, W., Nucleonics 13, 1k, 105k,
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IV. APPARATUS

The apparatus is shown schematically in Fig. 1. It consists of
an electron gun, an accelerating tube, a drift tube, and a scintillation
counter,

The electron gun was a conventional 3MP1 type consisting of an
indirectly heated oxide coated cathode, an einzel lens, and a set of
vertical and horizontal electrostatic deflecting plates., Such a gun
makes it possible to vary the beam current and the direction of the
beam. The gun is mounted in a brass tube which is bolted to the end
plate of the accelerator. Three O rings are located inside the brass
tube between the tube and the glass envelope of the electron gun to
maintain the vacuum seal., In conjunction with the plates of the electron
gun, large vertical and horizontal coils, designed to neutralize the
earth's magnetic field, aided in directing the electron beam,

The accelerator, which is similar to the Cockroft Walton type,
consists of alternate ceramic insulators and accelerating electrodes
sealed vacuum tight with vinyl cement. A voltage divider consisting
of six fifty megohm International Resistance Company resistors placed
in series across the accelerator establishes the potential of each
electrode. The high voltage is supplied by a Westinghouse 250 KV x-ray
power supply. A collimator, .375 inch in diameter, located at the end
of the accelerator helps to reduce any background from the accelerator.
The drift tube, which may be used to provide additional acceleration,

is grounded throughout its length. Use of this drift tube permits
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removal of the electron beam from the high voltage region and thus
results in further reduction of background from the accelerator.

Figure 2 is a schematic diagram of the scintillation detector.
The crystals, purchased from Harshaw Chemical Company, were reduced
in size to a diameter of .375 inch by machining in a lathe. The device
shown in Fig. 3 makes it possible to shave small amounts from the surface
of the machined crystals until they are of the desired thickness. The
crystals were fixed to the photomultiplier with a silicone vacuum grease.
The light reflector consists of a conical cavity bored in a cylindrical
piece of aluminum with the apex of the cone removed, leaving a .375 inch
hole open to the electron beam., The base of the cone fits over the end
of the photomultiplier. The surface of the cavity has a lining of aluminun
foil. The photomultiplier used was an RCA 6199, which is a 10 stage, head
on type with a 1.25 inch, cesium antimony, semitransparent cathode. The
relatively small cathode diameter is desirable, since it results in a
lower dark current and presents less area to any extrameous radiation.
The wavelength for meximum response of the tube is given as 4400 + 500
angstroms which matches well the spectral emission from anthracene.
The voltage supply for the photomultiplier was an Atomic Instruments
Company super-stable high voltage supply, Model 312. A mu metal shield
surrounded the tube to reduce effects due to magnetic fields. An
Atomic Instruments Company linear smplifier, Model 218, and single

channel pulse height analyzer, Model 510, were employed., For
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calibration purposes the amplifier and pulse height selector were driven
by an R.C.L. precision pulse generator, mark 15, Model 47B. The pulse
height reading may be plotted against the pulser voltage for a constant
amplifier gain as shown in Fig. 4. The pulse height readings shown are
base-line readings with a 2 volt window. In a similar fashion the
linear amplifier gain was also found to be linear for a given pulse
size, so that the linearity of the system extends beyond the range shown
in Fig. 4.

The vacuum system equipment consists of a Distillation Products
Industries diffusion pump, Model VMF 260-K, a W. M. Welch Manufacturing
Company duo seal vacuum forepump, and a liquid nitrogen vapor trap.
Vacuums of (6 + 2) x 1072 mn of mercury were maintained during the
experiments, A series of valves makes it possible to separate the
diffusion pump from the system, so that air could be let into the system
without cooling the pump. Normally air was admitted to the crystal when
it was not in use to reduce sublimation. This may have been unnecessary,

inasmuch as no change in crystal appearance or performance was ever noted.
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V. EXPERIMENTS AND RESULTS

Figures 5 and 6 show typical pulse height distributions obtained
with the ,060 inch and .01l inch crystals respectively., Electrons
were accelerated from energies of 10 kev to 120 kev at intervals of
10 kev for the .060 inch crystal and 10 kev to 100 kev at varying
intervals for the .01l inch crystal. In taking the data with the thin
crystal the energy region of 10 kev to 50 kev received emphasis because
of interest in scintillation detectors in low energy beta spectrometry.
Energies of less than 10 kev could not be investigated due to the dark
current of the photomultiplier. A 2 volt window was used, and counting
rates were recorded for the base lines of the window, To focus the
electron beam on the crystal the pulse height selector was set at some
value known to be near the peak of the curve, and adjustments were made
in the vertical and horizontal degaussing coils and in the gun controls
in order to achieve a maximum counting rate. A total count of greater
than 1000 counts, taken for nearly all the points, kept statistical
fluctuations of the counting rate within 3%. To reduce fluctuations
of counting rate due to any changes in magnetic fields or electron gun
currents, the pulse height used to align the electron beam also acted
as a standard. That is, after observation of a counting rate, the
pulse height selector was returned to this standard pulse height for a
standardizing count determination. In this way any fluctuation could
be detected, and a correction made for it. Background determinations

were made by turning the electron gun filament current off and leaving
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all other adjustments as they were during the scanning of the pulse
height spectra. The background count rate, of the order of 4 counts
per minute, could be neglected.

The.principal interest in the research was the relationship between
pulse height and electron energy. The pulse heights corresponding to
the peak counting rate were obtained by extrapolating the practically'
linear sides of each pulse height distribution until they intersected.
The point of intersection determined the peak pulse height. Figures
7 and 8 are the graphs of pulse height versus energy for the .060 inch
and .01l inch crystals, respectively. The points lie in a straight
line within the limits of experimental error. The lines on the graphs
were determined by a least squares fit and yielded intercepts on the
energy axes of 4.5 kev with the .060 inch crystal and 3.5 kev with the
.Ol1 inch crystal. Appendix I gives details on the least squares
calculation,

Equation (12) may be used to determine how well the experimental
data fit a gaussian distribution. From (12),

of
log- ~ G(h) = log,, C - [ — log e] (AH)2 (25)
10 10 a2 10 .

This is the equation of a straight line with log,, G(n) and (rH)? as
2
variables and with a slope of [- %2 loglO e]. Figure 9 is a plot of

the experimental values obtained from the 110 kev electron data taken
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with the .060 inch crystal. The dots represent the counting rates
observed between zero pulse height and the peak pulse height, and

the crosses represent the counting rates observed at pulse heights
greater than the peak pulse height. The points lie in a straight line
at counting rates greater than about 3000 counts/unit time,

A comparison of a typical pulse height distribution with a gaussian
of the form G(h) = C exp QE_ngz_ElE was mede. A value of 10 counts
per unit time was assigned to g and by trial and error a value of
10 (phu) was decided upon for a/d, This curve was found to fit the
20 kev distribution very well as shown in Fig., 10. Similar attempts
were made to fit a poisson distribution to the experimental data, but
the gaussian distribution was found to be a closer approximation.

The experimentally determined values for a2, a2 being proportional
to the square of the line half-width at 1/e times the maximum count rate,
are given in Tables II and III for the data taken with the .060 inch
and .0ll inch crystals, respectively. Figures 11 and 12 are graphs
of electron energy versus corresponding values of a2. The lines were
determined by least squares calculations. The method of calculating
a2 is given in Appendix IIT.

The average amount of electron energy observed in the crystal
necessary to produce a photoelectron at the photocathode was calculated
for each energy, and an overall average was determined. Results of

these calculations are given in Tables II and III for data of the .060

inch and .01l inch crystals, respectively.
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Table II Line Width Data for the .,060 Inch Crystal

30

E a2 K
(kev) (kev)2 kev/photoelectron
20 Yl o+ 5.4 1.43
30 78.3 + k.2 1.54
Lo 106.8 + 3.2 1.51
50 145.2 + 3.3 1.60
60 171,7 + 11.0 1.55
70 189.7 + 8.7 1.45
80 205.8 + 18.1 1.36
90 259.6 + 22,8 1.52
100 288.8 + 16.5 1.51
110 302.6 ¥ 8.7 1.43
120 30k.6 + 25.8 1.32

Average KX = 1.47 + .08 kev/photoelectron

Table III Line Width Data for the .0ll Inch Crystal

| B a2 K
(kev) (kev)2 kev/photoelectrons
10 20.2 + 1.8 1.55
15 2.3+ .7 1.40
20 37.7 + 2.0 1.14
25 55.7 + 12.1 1.30
30 67.5 + 5.7 1.27
Lo 10k.4 + 2.4 1.43
50 115.5 + 12.0 1.24
100 241.5 + 16.8 1.25

Average K = 1,32 + .13 kev/photoelectron
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VI. DISCUSSION

For electrons of energies ranging from 10 kev to 120 kev, the
pulse height response of an anthracene scintillation counter is linear
with energy within experimental error as predicted by Eq. 22. Although
other authors have found that a non-linear relationship exists between
pulse height and energy at low (< 100 kev) energies, a careful exami-
nation of the data they present indicates that a straight line may be
fitted to the data as well as the curve they use within experimental
error. Apparently the non-linear region predicted by Egq. (24) lies
below 10 kev for the crystals and reflector geometry employed here.

The shape of the pulse height distribution curve closely
approximates a gaussian, and there is a linear relationship between
energy and the square of the half widths at l/e. This is in agreement
with the results of I-Iopkins.15 However, Hopkins calculated an average
value of 3.3 kev/photoelectron for the amount of energy required to
produce a photoelectron., The values calculated from these experiments
were 1.47 + .08 kev/photoelectron and 1,31 + .13 kev/photoelectron for
crystals of .060 inch and .Oll inch thickness, respectively. This
discrepancy is probably due to differences in crystal thickness and

reflector geometry.

> Hopkins, J. I., Rev. Sci. Imstr. 22, 29, 1951
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APPENDIX I

Sample of least Squares Calculation

Least squares fits were made to two graphs of pulse height versus
energy and to two graphs of a2 versus energy.16 The calculation for
the pulse height versus energy curve, taken with the ,060 inch crystal,
is typical and is included here as an example. ILet the equation of
the line be y = ¢ + dx, where y is the pulse height, x is the corres-

ponding electron energy, and ¢ and d are constants given by

2% b b ) ()
<) - (Vn)

h () Y )

€)= (Un)

2

Omitting the details,

K=l2-

7.8‘x 102.

o]
i

1.0991 x 103.

6.40 x 104.

L]
i

10101
p‘d

16 Beers, Y., THEORY OF ERROR, Addison-Wesley Publishing Co., Inc.,
Cambridge, Massachusetts, p. 38, 1953.
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2
<:§:x > = 6,084 x 105.
n
"
}:(%nyh> = 9.307h x 107,

Using these values to calculate ¢ and 4, the equation of the line turms

out to be,

y=-6,T% + 1.5128x .
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APPENDIX II

Sample Calculation of a2 and K
The value of a2 determined from the peak pulse height and the
pulse height at l/e times the maximum counting rate essentially depends
on the shape of the distribution at only two points., A more accurate
value based on the entire distribution may be obtained by utilizing
graphs of the data such as shown in Fig, 9 and utilizing Equation (25).

It has already been pointed out that the shape of the line represented
2

by (25) is given by [- EE 1og, e}, so that
a

o® 1
~%810 ¢ (26)

a ==
slope

For the 110 kev electron data taken with the ,060 inch crystal

5 (1.66)2 (.4343) (1825 - 500)

(3.66276 - 2.84510)

302,62 kev2

®
1

where @ was determined from Fig. 7, and the slope was determined from
Fig. 9. The value of a? was not calculated for the 10 kev electron dis=~
tribution taken with the .060 inch crystal due to the small number of

points between the peak and the dark current.
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The average electron energy required to produce a photoelectron
was calculated from (11). For the 110 kev electron data taken with

the ,060 inch crystal,

2
a
K = =
2(E - 1)
302.62
K =
2(110 - 4.5)
K = 1.44% kev

Other values of K were obtained similarly.
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APPENDIX III

Estimation of Error

The standard deviation of the counting rates is given by the
square root of the number of counts, since the counting time was taken
as unity. In Figs. 5, 6, and 9 the error is less than the size of the
points due to the high counting rates used.

The errors shown on the pulse height versus energy curves, Figs.
7 and 8, are estimates of how closely these quantities can be determined.
The error in the calibration of the voltmeter which measured the electron
energy was negligible, but there may have been some error in reading‘the
meter. An estimate of + 1 kev was assigned as a limit of this error.
The errors drawn in the pulse heights represent the ranges in which the
pulse height distribution maxima might have occurred. They were de-
termined by inspecting the width of the distribution peaks. It was
attempted to make these ranges large enough to include any variations
from a gaussian distribution at the peak.

The error in the determination of a2 by the graphical method is
in the placement of the line through the points. To evaluate this error,
two other lines were drawn to represent the largest and smallest slopes
which could sensibly fit the data, The difference between the two
extreme slopes divided by two was taken as an estimate of the error and
the corresponding error in a2 computed. These errors are listed with
the values of a? in Tables II and III and in Figs, 11 and 12,

The errors recorded for average K in Table II and III are standard

deviations camputed from the ordinary equation for the standard deviation
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in the average of a number of values.l7 The expression is

i)

Ne

where s is the standard deviation of the average value, <éK€> is the
deviation of each K from the average, and n is the number of values of

K being averaged,



Lo
BIBLIOGRAPHY

Beers, Y., THEORY OF ERROR, Addison-Wesley Publishing Co., Inc.,
Cambridge, Massachusetts, 1953,

Birks, J. B., "Scintillations from Organic Crystals: Specific
Fluorescence and Relative Response to Different Radiations," Proc.
Phys. Soc. (London) 64A, 874, 1951.

Birks, J. B., SCINTILLATION COUNTERS, McGraw-Hill Book Co., Inc.,
New York, New York, 1953.

Breitenberger, E., PROGRESS IN NUCLEAR PHYSICS, Vol. 4, Chap. 2,
(Frisch ed.)., Pergammon Press, New York, New York, 1955.

Dwight, H. B,, TABLES OF INTEGRALS AND OTHER MATHEMATICAL DATA,
McMillan Co., New York, New York, 193k,

Fowler, J. M., and Roose, C. E., Response of Anthracene and Stilbene
to Low-Energy Protons and X-Rays, Phys. Rev. 98, 996, 1955.

Glocker, R., "Die Abhangigkeit der Reichweite der Elektronen von ihre
Energie," Zeits. f. Naturforsh 3A, 147, 1948.

Hopkins, J. I., "The Response of the Anthracene Scintillation Counter
to Monoenergetic Electroms," Phys. Rev. 77, 406, 1950.

Jordan, W, H. and Bell, P. R., "Scintillation Counters, Nucleonics 5,
30, 1949,

Kallman, H., ELECTRON AND NUCLEAR COUNTERS, Chap. 8, (Korff ed.), D.
Van Nostrand Co., Inc., New York, New York, 1955.

Lane, R. 0., and Zaffarano, D. J., ISC-439. Available from the Technical
Information Service, Osk Ridge, Tennessee.

Libby, W. F., "Measurement of Radioactive Tracers," Anal. Chem. 19,
2, 1947.

Morton, G. A., "Photomultipliers for Scintillation Counting," R.C.A.
Rev. 10, 525, 1949,

Morton, G. A., and Mitchell, J. A., "Performance of 931-A Type Multipliers
as a Scintillation Counter," Nucleonics L4, 16, 1949.

Robinson, W, H., and Jentshke, W., "Response of Anthracene Scintillation
Crystals to Monoenergetic Soft X-Rays, Fhys. Rev. 95, 1413, 195k.



41

Swank, R. W., "Recent Advances in Theory of Scintillation Phosphors,"
Nucleonics 13, 1k, 1954.

Taylor, C. J, Jentschke, W. K., Remley, M. E,, Eby, F. S., and
Kruger, P. G., "Response of Same Scintillation Crystals to Charged
Particles," Phys. Rev. 84, 1034, 1951.

Wright, G. T., "Scintillation Response of Organic FPhosphors," Phys.
Rev. 91, 1282, 1953.

Wright, G. T., "Scintillation Response of Anthracene Crystals to
Short Range Electrons," Phys. Rev. 100, 588, 1955.




	image0001
	image0002
	image0003

