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Abstract

Precision determinations of gamma ray and x-ray wavelengths
in the spectra following decay of iridium 192 and tungsten 187 are
recorded. Measurements of these wavelengths were made with the
focusing crystel diffraction spectrometer,

Development of a scintillation counter for use as a
gammea ray detector in the spectrometer is described.

The precision of measurements with the spectrometer is
analyzed; particular attention being paid to errors resulting from
statistical variations in counting rate. Linearity of the instrument
is studied by comparing measurements obtained with first, second end
third order reflections in the crystel.

Gamme. ray energies are combined so as to form decay schemes

for iridium 192 and tungsten 187,
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R GENERAL DESCRIPTION OF APPARATUS
A, Introduction

Crystal diffraction, used so long for precision study of
x-ray spectra, has been employed since 1947(1) to impart the same
precision to the realm of nuclear gemma rays. leasurements of this
sort were made with the focusing crystal spectrometer, which com=
bines high luminosity with the ability to operate at extremely small
diffraction angles'?). This instrument was designed and built by
Dre J. W, M, Dullond with the intention of forming a link between
x=ray wavelengths and the range of medium energy gamme rays.

Standard gamma ray energies measured in this way have proved
useful in the calibration of beta-ray spectrometers, which in turn
permit the study of many gamma ray spectra inaccessible to the crystal
spsctrometer,

The instrument is principally limited by its requirement of
strong gamma ray sources, Even at the present stage of development,
which represents a considerable gain over the original sensitivities
secured in the earlier 1947 work, not only are sources of at least
10 millicuries of gamma activity required, but also, this activity
must be concentrated within the focal volume to a specific activity of
30 millicuries per cm?, Difficulties due to low intrinsic lumihosity
become increasingly serious at shorter wavelengths because of decreased
reflectivity of the crystal, Dr. D, A, Lind has shown this reflectivity
to be proportional to the square of the wavelength(B’A). To counteract

this disadvantage, the geometry of the instrument has been designed to



give the highest attainable luminosity consistent with high precision.
Since this design has been discussed at length elseuhere(l"("s) , only
enough description will be included here to make the subsequent
material understandable,

B. Design of the Spectrometer

A 2 mm thick slab of quartz is cut from a single ecrystal
so that the (310) planes which are used for the diffraction are per-
pendicular bto the faces of the slab¥*, These faces are then ground
optically flat and the slab is bent elastically so as to conform
accurately to a part of a cylinder having a 2 meter radius. The
(310) planes sre maintained parallel to the axis of the cylinder so
that if projected they would intersect there, In Fig. 1, this crystal
is represented schematically at C. The axis of the cylinder passes
perpendicularly through the paper at /3 . By bending the crystal in
this fashion, all the crystal planes are forced to make the same angle
© with rays coming from the gamma ray source at R lying on the focal
circle, Selective internal or "Laue® reflection occurs from the entire
crystal for a particular wavelength at each angle 8, the wavelength
being determined by the Bragg law. Use of the entire crystal in this
way produces & gain in luminosity of many times that attained by flat

crystal spectrometers.

* The (310) planes were chosen because  bhey combine high reflectivity
with small grating constant (d =1 A°), giving the instrument high
dispersion, and allowing separation of direct and reflected beams
even at high energies.
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Fig. 1. Illustration of the basic geometry of the gamma
ray spectrometer, R represents the source position,
C the crystal, B the point of convergence of the
crystal planes, V the virtual focus, and D the

collimator,
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In order for the angle © to be precisely defined, the
source as seen from the crystal must appear as a very narrow line,
Furthermore, it is necessary that the source be located on the focal
circle shown in Fig, 1. A spectrum can then be explored by moving
the source on the focal circle and detecting the intensity of reflscted
radiation, Whenever an angle © is reached corresponding to a wave-
length present in the source, there appears a sharp increase in selec-
tively reflected radiation., The reflected beam diverges from the con-
vex side of the crystal and appears to come from a point V on the
focal circle making the opposite angle © with the crystal planes.

In most cases, a way must be provided to separate the direct
beam passing through the crystal without deflection, from the reflected
beam, before the latter reaches the detector. When working with gamma
ray wavelengths the angle © is so small that the two beams would still
.be mostly superimposed when they reach the detector, were the direct
beam (which is many thousand times as intense) not suppressed. This
separation of direct from reflected beams is accomplished by what is
called a collimator, shown at D, consisting of a number of tapered
lead sheets held apart by similarly tapered spacers and arranged to
converge toward the point V and thus admit a large fraction of the
reflected beam while entirely obstructing the direct beam which is
absorbed by the lead sheets., The detector then receives only the re-
flected beam and possibly a small amount of scattered radiation from
the direct beam, It is important to realize that the collimator in no
way determines the resolution of the spectrometer, but merely permits
operation at the extremely small diffraction angles necessary with
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gamna rays. In addition to suppressing the direct beem, the colli-
mator and general geometry of our instrument also avoid a reather
annoying difficulty present in the ordinary photographic curved crystel
spectrometer as used by Cauchois. In the ordinary type, there appear
on the film (placed on the focal circle) lines and obligue bands which
are formed by reflections (in different orders) from planes of many
Miller indices beside those (310) chosen for use. The geometry and
kinematics of the gamma ray spectrometer and the collimator suppress
all of these.

A scintillation counter, to be deseribed in detail later, is
used as a gamma ray detector because of its high sensitivity. The
sengitivity of the detector is important because of the need for the
highest obtainable overall luminosity, (This counter is placed directly
behind the collimator).

In the actual spectrometer, the collimator end detector remain
stationary while the crystal turns and the source maintains a proper
relationship to both, The mechanical construction of the instrument
is such that all of these motions take place automatically when the
precision setting serew is turned. These mechanicel features are des-

cribed in the above references.

C. Geometry of Curved Crystal Spectrometers

Although many different types of focusing crystel spectro-
meters have been built for various purposes, those true spectrometers
using a single curved crystal consist, for the most part, of two types
whose designs have been altered little since their diriginal conception,
Both the transmission end reflection types were conceived simultaneously
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by Dulond end shown to represent two specializations of a single
idea.(l’6). Here it will be proved that, subject to rather severe
restrictions, these two types are the only designs possible which
give an increase in luminosity due to the bending of a crystal, A
similar proof was given by Dullond in 1930.

Both designs have two conjugate foci, one of which, in the
transmission type instrument is, however, 2 virtual focus., Two foci
are produced by closely confining the crystal lamina to a circle
passing through the source (standing at one focus), the crystal and
the second focus, Since the Bragg condition requires equal angles of
deflection of all the reflected rays, it can easily be seen that this
requirement is sufficient to produce the focusing action, provided
reflection takes place. In order for reflection to take place, how-
ever, the crystel planes must make equal angleswith incident and
reflected rays and for this reason the crystal planes cannot make a
constant angle with the faces of the crystal sheet. In the analysis
by DuMond, it has been shown that this requirement forces all the
crystal planes, when projected, to intersect at a point on the focal
circle midway between the two conjugate foci, Fig., 2 shows the proper
orientations of the crystal planes at various points on the focal circle.
If the crystal sleb lies on the same arc between the foci as the common
intersection of the crystal planes, we have an example of the reflection
type spectrometer with two reel focl, If it lies on the opposite arc,
as is true in the gamma ray spectrometer, the reflected radiation has a
virtual focus and passes through the crystel, In order to satisfy both
the condition upon the crystal planes and the condition upon the faces
of the erystel, the crystal must be ground in the shape of a eylinder



Fig. 2. Diagram showing proper orientation of crystal
planes lying at various positions on the focal
circle for foci at R and V,
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having twice the radius of the focal circle and then mechanically
stressed to lie on an arc of the focal circle. This has not been done
in the gamma ray spectrometer becsuse, as Cauchois(7) has shown, the
aberrations produced by using an initially flet crystal are not great.

It is by no means evident a priori that two focl are required
in the design of a spectrometer since for purposes of measurement one
focus would be sufficient., Certeinly, little advantage is gained by
having the reflected radiation diverge from a point in the transmission
type spectrometer or by having out-going reys appear to come from a
point in the reflection type. We may therefore ask ourselves whether
it might not be possible to make other types of curved crystal spectro-
meters having only a single focus and perhaps with non=cylindrical
curvature of the crystal, If this were donme the source could lie at
the focus, and & non-uniformly tapered collimator might be used to
separate the reflected, from the direct beam,

In order to carry out this analysis it is necessary to place
certain restrictions upon the types of arrangements to be counsidered.
They ere:

1. A single reflection of the beam from the source will
occur, This avoids consideration of double crystal spectrometers.

2, No re-bending of the crystal will be required when the
wavelength setting of the spectrometer is changed.

3, The two Bragg conditions ere assumed to hold:

(a) The deflection anglel© must be constant for any
perticular wavelength, (It is given by the well
known formulal® = 2 sin~l(n) /2d) ).



-9-

(b) The crystal planes must make equal angles with
incident and reflscted beams.

In addition to these three restrictions, the entire problem
will be considered only for the two dimensional case, so that all
motion of the source and crystal will be assumed to lie in a single
plene. The bending of the crystel will be in the form of a generalized
cylinder with its generators perpendicular to the plane of the paper.

Clearly, this is only a very special case of the much more
difficult general problem in three dimensions., It is hoped that by
its solution insight may be gained into the three dimensional problem.
Of the three restrictions which have been listed, the only new one is
number 2, which replaces the requirement that the curved crystel have
two foci, It is a reasonable condition since the bending of the crys-
tal must be done very accurately and could not easily be performed
while the spectrometer is in operation.

Let us regard a typical ray emitted from the source at A in
Fig. 3 and reflected from a crystel plane at C., We choose the plane
of the paper to be the one containing both the incident and reflected
rays. A neighboring crystal plane at C! also reflects a ray from A,
Both crystal planes are taken as being perpendicular to the plane of
the paper and, because the entire crystal is to be used at once, both
of these planes make the same angle 6 with their incident reys., Other
portions of the source, in order to be used at the same time, must
lie very near to A, since no neighboring points make exactly the same
angles with both crystal planes.

When a new wavelength corresponding to a new angle ©' is



Fig. 3.
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investigated, the source point which was at A is moved to a new
position A'. The same conditions must be fulfilled for point A' and
consequently £ A'CA = £ A'C'A =29 = @', From simple geometrical
considerations, it can easily be shown that the points A, A', C, C!
must lie on a circle., Any other crystal planes taking part in this
reflection are subject to the same conditions and therefore must also
lie or this circle, Thus, the crystal lamina used in the spectrometer
must coincide nearly with the arc of a circle provided requirements

2 and 3 are to be fulfilled. Crystal planes in this lamina must all
make the seme angle with rays emitted from any point on the circle and
consequently they must converge to a common point on the circle, thus
completing the proof.

In the general three dimensionel case, the situation is more
complicated in two respects, First, there is the possibility of focus-
ing into or out of the plane of the paper which contains incident and
reflected rays. Such focusing would, however, be independent of focus-
ing in the plane of the incident and reflected rays and could be treated
separately, Second, there is the possibility of moving the source out
of the plane of the paper. When this is done the geometrical situation
becomes much more complicated, but it seems unlikely that any advantage
could be achieved in this way,

D. Ihe Detector

After selective reflection from the quertsz crystal, the mono-
chromatic gamma ray beam generally has very low intensity in spite of

the high activity of the sources used. Therefore, a very sensitive
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gemma ray detector is required in the gamma ray spectrometer. The
beam, by the time it passes through the collimator and reaches the
detector, has a 3" x 3% square crossection, The problem of construct-
ing a sensitive detector, capable of intercepting a large beam, and
yet having a low background due to loecal and cosmic radiation, thus
presents itself,

When the first measurements of a gamma ray wavelength were
made with the spectrometer, the detector used in the instrument was a

(1,2) o« This counter

geiger counter of an unusuasl multicellular design
was constructed inside a trass tube, 3.25" I.D. closed at one end,
which was placed so as to allow the beam of radiation to pass axially
down the tube., Covering and sealing the front of this tube was a thin
metal window which admitted the beam to the counter. Inside this con-
tainer were placed coaxially a number of equally spaced thin lead disks
which divided the counter into pillbox shaped cells. Anode collecting
wires for each cell were made in the shape of crosses and atteched to

a steel rod which passed down the axis of the counter through % inch
holes in the centers of the lead discs,

After entering the counter, the gamma ray beam ejected photo-
electrons, Compton electrons, and, in the case of high energy radiation,
even pair electrons from the lead discs vas it passed through them, thus
triggering the counter, By using several cells in this fashion the same
effect was achieved as if several conventional counters had been placed
in the beam, thus increasing the sensitivity many times over that of a
single cell counter,

Background due to local radiation was reduced by shielding the
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counter in all directions with at least 2% inches of lead., Counts
caused by cosmic radiation were prevented from registering by use of

a bank of anticoincidence counters placed around the main counter,
These anticoincidence counters werse simple cylindrical geiger counters
placed so as to be entirely out of the gamma ray beam, Most of the
cosmic rays passing through the main counter had to pass through at
least one of the anticoincidence counters, Cosmic rays, which consist
mostly of lonizing particles, thus would trigger both an anticoincidence
counter and the main counter, The electronic circuits were so designed
that an anticoincidence count would temporarily block the circuit from
the main counter and prevent the count from registering.

In the first gamma ray measurements, a one curie source of
gold 198 was used with a four cell counter for the detector. Although
quite good contrast was obtained in this particular instance, it was
evident that scurces of less than 100 millicurises could not be used
with such an arrangement, Although many isotopes may be obtained in
strength greater than 100 millicuries, the maximum volume availeble
to the source is only 0,3 cw’ or less, so that at that time sources
having a specific activity of less than 300 millicuries per cubic centi-~
meter could not be used. The ligt of sources available with this specific
activity is extremely short and the value of the spectrometer depended
very decidely upon the possibility of increasing the luminosity of the
instrument., One of the most direct ways to achieve this increase was
to improve the detector and this work has been carried on constantly
during the time the spectrometer has been in operation. Such an

improvement constituted one important phese of the work covered under



this thesis,

| The first significant advance in counter design, for use in
the spectrometer, came in 1947 when a nine cell counter of the type
described above was successfully constructed by D.A. Lind(s). Design
problems comnected with this counter were great, since the counting
pleteaux of the individual cells had to coincide very closely in order
to give a sufficiently long overall plateau for the entire counter,
This counter was estimeted to have an efficiency of 25% at 0.5 Mev and
10% at 1 Mev, where efficiency represents the fraction of those photons
passing through the counter which are counted., Because of its special
design, however, it was pla.gﬁed with many of the usual counter troubles
to an exaggerated degree, Its lifetime was short, never more than 107
counts, and therefore it required frequent refilling; often at the most
awkward times as for example, while a short lived source was being in-
vestigated,

Another difficulty with this counter was the presence of
"bursts™ in the counting, which consisted of a large number of spurious
coumnts occurring in rapid succession. Although it is doubtful that these
bursts werse frequent enough to caﬁse any really great errors in the count
totals, they caused considerable concern,

In the fall of 1949, work was started by Lind and Brown on
several muliticellular counters of new design. These counters are des-
cribed in detail in Brown's thesis., They were enclosed in 10 inch long
cases of 3" x 3" square crosssection so as to intercept the square beam
of gamma rays which emerges from the collimator, These cases, which were
copper plated on the inside, were designed to contain up to thirty
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equally spaced thin squares plates placed so as to separate the counter
into cells, Different materials such as lead, tantalum, copper plated
tantalum, silver,bismuth, and copper were used for the plates in
different counters depending on the energy of gamma ray to be detected.
Four symmetrically spaced anode wires were run the length of each
counter through 3/8 inch holes in the plates. A large number of plates
were thus available for ejection of electrons by the gamma rays and the
overall efficiency of the counter was greatly enhanced, Certain diffi-
culties connected with the successful construction of these complex
counters, however, proved to be nearly insurmountable, Of the many
counters of this type which were assembled, taken apart, and reassembled
many times over, only one counter operated properly for more than a few
days. This counter which contained twenty-five 5 mil copper plates
was, for no apparent reason, unique since its operation was trouble-
free, for meny months, and for over 107 counts, It was used up to the
time of installation of the present detector to study the gamma rays
from tantalum 182, rhenium 188, tungsten 187, and radon. The long life
of this counter mey have been due to the use of a special type of quench
circuit which reduced the counter voltage by 250 volts in less than 0.3
microseconds after the beginning of the counter discharge, thus quench-
ing it before a significant amount of the quench gas could be used up,
In spite of having greatly increased the luminosity of the
spectrometer, the requirement of strong concentrated sources though
much ameliorated remained still the greatest problem comnected with the
ingtrument, This fact became very apparent when the spectrometer failed

to detect several of the very interesting soft lines of tantalum 182,
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which were just the ones needed to check certain proposed decay
schemes. Investigation was therefore started in the spring of 1950
into the possibility of using a scintillation counter as the detector
in the spectrometer,

A sodium iodide crystal containing a small amount of thalliwm
impurity commonly described as Nal (T1l) was chosen as the phosphor fox;
the scintillation counter, This choice was based upon a number of
congiderations., In the first place, the material used should have a
high absorption coefficient for gamma radiation so as to make possible
the counting of a large fraction of the photons in the beam, Secondly,
the material should have a large scintillation efficiency; that is to
say, a large fraction of the energy of the gamma photon should be con-
verted into light photons by the phosphor. This property is important,
since many of the gamma ray energlies measured by the spectrometer are
quite low, and a large scintillation efficiency is necessary, if the
light signal is to register above the noise background. Finally, the
material should be available in large enough samples so that the entire
3" x 3% beam of radiation may be intercepted by the detecting material,
It is not important that the phosphor have a fast resolution time since
the counting rates with the gamma ray spectrometer are never high.

Scintillations from NaIl (T1l) were first noticed and investigated
by Hofstadbter in 2948'%), He reported obtaining mush lstger pulses of
light from sodium iodide than from any of the organic phosphors knowm
at that time. Organic phosphors such as anthracens, stilbene, and
p-terphenyl, not only gave smaller light pulses but had lower gamma ray
absorption coefficients than sodium iodide, (The short decay time of



these phosphors was of no advantage to this type of detector).
Although potassium iodide, which has also been investigated as a
phosphor by Hofstadter, has a slightly higher gamma absorption coeffi=
cient than sodium iodide, its pulses are quite significantly lower and
for this reason it must be considered decidedly inferior,

A rectangular 3% x 3% x 1" NaI (T1l) crystal was purchased
from the Hershaw Chemical Company, where crystals as large as this one
are grown artificially. Phosphors of this size are not common and it
probably represented the lergest crystal ever used for scintillation
work. Quite apart from other objections to the use of organic crystal
phosphors, the size of crystal needed by the detector would probably
have excluded their use. A p-terphenyl solution in xylene could have
been obtained in suitable quantity, but it would have had the disadvan-
tages described above,

Permanent mounting of the crystal presented many problems.
The surfaces of the crystal are hygroscopic and if the crystal is left
expoged to the air for a short time it picks up a layer of moisture on
its surface, Other investigators have found that even if such a crystal
is mounted in a plastic box the cryétal surface manages to pick up
moisture which may possibly have been absorbed in the plastic., Since
a slight amount of moisture makes the surface of the crystal quite
cloudy, it is necessary to mount the crystal in a glass box so as to
avoid impairing the reflecting and transmitting properties of the crystal
surface, Plates of glass used for the sides of this box were grooved
with a diamond saw so as to fit together and then cemented with insalute

cement, providing a water-tight mounting for the crystal, Before being



placed in this box, the crystal was rubbed with progressively finer
sandpaper to smooth its surface irregularities. The crystal was
polished with cotton under xylene, to remove surface cloudiness. In
order to improve the polishing action of the xylene and to bring the
crystal to the temperature of the mounting fluid which had been placed
in the glass box, the xylene containing the crystal was heated slightly.
This mounting fluid was a type of semi-fluid resin called chlorinated
biphenyl which is viscous at room temperatures but which becomes fluid
when its temperature is raised. A suitable medium is thus provided

to match the optical index of the crystael and to exclude air from the
glass box, Unfortunately, when the crystal was removed from the hot
xylene in order to place it in the glass box, the cooling due to the
evaporation of the xylene from the crystal caused two large cracks to
appear diagonally across the crystal face. On previous occasions, this
same procedure had been rehearsed successfully using smaller crystals
which were naturally less susceptible to thermal shock, but in this
case the crystal was too large to permit the use of this method., In
spite of the cracking of the crystal, it was placed in the glass box
and the cover was cemented in place with Duco cement after all air had
been excluded from the region between the crystal and the walls of the
box. In the photograph in Fig. 4, the potted crystal may be seen with
its main diagonal crack.

In the future, another similar erystal will be prepared using
mineral oil instead of chlorinated biphenyl for the mounting medium to
avoid the necessity of heating the crystal., Mineral oil is more trans-
parent to the violet and ultraviolet light given off by the crystal as



Fig. 4. A photograph of the sodium iodide
crystal enclosed in its glass container,



it scintillates and should therefore prove superior. Polishing may
be accomplished quite simply by dipping the smoothed crystal in ace-
tone to dissolve a small layer of its surface before plecing it in
mineral oil., JSurfaces of good optical quality have already besn
produced on smaller crystals in this fashion.

Scintillations of light produced by the crystal are detected
by use of two photomultiplier tubes which look through two opposite
3" x 1" faces of the crystal, Individual flashes of light produce
electrical pulses in the phototubes, which are amplified in the tubes
themselves and in the following electronic circuits, Pulses within
a certain height range are then counted in the same way as are the
pulses from geiger counters. Two phototubes are operated in coinci=-
dence so as to prevent counts from registering, unless they are pro-
duced by scintillations observed simultaneously by both phototubes.
In this way electrical noise, always present in photomultipliers, is
prevented from registering as genuine counting, since noise pulses
produced by the two phototubes will not generally coincide in time,

Fig. 5 shows how the ends of the phototubes are pressed
against a pair of plexiglass light cones which are used to transmit
the light from the crystal to the photosensitive cathodes of the photo-
tubes. These photosensitive cathodes have been deposited on to the
inside glass surfaces of the ends of the tube envelopes, Contact
surfaces between phototubes and light cones, and between light cones
and crystal housing are sealed with a layer of transparent vacuum
grease so as to minimize reflections, Light comes used in this arrange-
ment are 1,25" long and are machined so as to fit the phototube at one
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end, and a 3" x 1% face of the crystal housing at the other,

R.,C.A. 5819 photomultipliers having a 1.5" circular cathode
were chosen for this application because of their high sensitivity
and convenient shape, Electrons ejected from the photocathode by the
action of light are attracted toward an element of the tube called the
first dynode, which lies at a lower electrical potential. Upon strik-
ing the first dymode, thess elecirons eject numerous secondary electrons
from its surface, which in turn are then attracted toward the second
dynode where still more secondaries will be produced, and so on
throughout eleven dynodes. As many as three or four secondaries may
be produced for each primary electron when it strikes a dynode,
(a1lthough the average number of secondsries per primary electron depends
on the inter-dynode potentiel) and comsequently current gains of the
order of 106 may be achieved by the time this process has been con-
tinued throughout all eleven dynodes, Electrons from the last dynode
are finally picked up by an element called the collector, from which
the signal is taken for the electronic amplifier,

Two similar types of photomultipliers, the R.C.A., 5819 and
the E.M.I., 5311, were considered as possibilities for use in the detector.
The R.C.A, tube was chosen because of being readily obtainable end be-
cause of its convenient electrical connections and in spite of the fact
that the British made E.M.I. tube seems to have somewhat superior elec-
trical characteristics.

The detecting apparatus including the Nal (T1l) crystal, the
two light cones, and the two phototubes, was mounted in e light-tight

container. This container with the two covers removed, is shown in
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Fig, 6. Later the crystel and light cones were covered with shiny
aluminum foil to reflect any light which might escape from the sur-
faces of the glass box, and alsc to avoid electrical discharges over
the surfeces which were found to occur when voltage was applied to the
R.C.A., 5819 tubes.

A 3% x 3% gquare hole was milled in the front cover of this
container., This hole was covered with aluminum foil to exclude out-
side light but to serve as a window for soft gamma radiation,

Counting rates with the gamma ray spectrometer are low and
as a result background must be reduced to a correspondingly low level
in order not to obscure the signal. Background is due to a number of
causes, it comes from locel radiation in the room, radiation scattered
from the sides of the collimator, end from cosmic radiaticn. Protec-
tion from the local radiation is afforded by 4" of lead surrounding
the detector on all sides., Seintillations produced by cosmic rays
are generally much brighter than those from ordinary gamme rays because
of the high energies associated with the cosmic rays and for this
reason, they produce larger electrical pulses., This property allows
cosmic reys to be discriminated against electronicslly in the present
scintillation detector system instead of being cut out with anticoinci-
dence counters as was the case in the earlier G.M. counter systems,

Noise originating in the phototubes consists of discrete
pulses very similar to those produced by scintillations., They vary
considerebly in height, and pulses of lower height tend to be consider-
ably more numerous. A noise pulse is produced when a stray electron is

evaporated from the cathode or one of the early dynodes, The amplifying



Fig, 6, The assembled scintillation counter
with front and back covers removed,
exposing the crystal,
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action of the dynodes then produces a pulse of current at the colli-
mator, (Fig. 7 shows the relative deﬁendence of noise pulse height
and signal pulse height on phototube voltage). It is evident that the
signal to noise ratio is reasonably independent of voltage until a
critical voltage is reached. Above this voltage, which varies widely
from tube to tube, the noise increases very rapidly and the tube may
not be used effectively.

Although noise pulses are generally small, a few of them are
of height comparable to signal pulses. Due to the low counting rates
used with the gamma ray spectrometer, these few large noise pulses
would represent a large contribution to the background were they not
eliminated in some way,

Noise in phototubes may be combated in two ways: One method
is to cool the phototube to dry ice temperatures thereby suppressing
the noise producing process, the other, the coincidence method des-
eribed earlier. It was decided that the coincidence method should be
tried first because of its greater convenience, and then if necessary,
a cooling apperatus could be installed later., Entirely formless and
random noise would have been difficult to eliminate by coincidence
techniques. Phototube nbise, however, consists of discrete pulses, the
time between_pulses being much longer than the individual pulses, Simul~
tanecus occurence of such pulses in the two phototubes is so infrequent
that for practical purposes it never heppens. For this reason, the
coincidence method was quite successful and it was never necessary to
resort to cooling.

Before putting the scintillation counter into service as a
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indicated pulse height for a given phototube voltags.
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detector in the gamme ray spectrometer, numerous tests were made of its
efficiency and other properties, In particular, we wanted to determine
whether the secintillation counter was likely to be more efficient than the
multicellular geiger counters. Also, we felt that by studying its pro-
perties we could learn how to operate it best and what improvements
might be made in it and in other counters to be constructed later,

For the purpose of these tests, the detector was placed on a
table and surrounded on &ll sides except its front surface with lead, A
gamma ray source of cobalt 60 was placed at a distance of 3 meters, this
being roughly the distance between source and detector in the gamma ray
spectrometer, Cobalt 60 was used for these tests because it is fairly
monochromatic and because a number of small sources were available which
could be compared with a standard source of known activity. No tests
were made at this time using other gamma ray energies because of the
difficulty of determining the gamma ray intensities,

In most cases, only one phototube was used during the tests.,
It was followed by a very stable, variable gain, linear amplifier hav-
ing & meximum gain of 3 x 10°. Following the amplifier was a diserimi-
nator which accepted only pulses greater than a certain height. These
pulses triggered the discriminator which in turn formed new pulses having
a uniform height of 100 volts., This minimum acceptable pulse height of
the discriminator could be varied quite accurately by means of a bias
control from zero to 100 volts,

Although the total voltage applied to the phototube could be

varied, its distribution between the various dynodes was fixed by a
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set of resistors placed in series with each other across the power
supply. For these tests, the voltages from cathode to first dynode,
to second dynode ete., were held in the ratio 5:3:1:1:1 =--~, This
ratio was later changed to 2:1:l: --- to allow the phototube to be
operated at a higher total voltage, Little change in the other tube
characteristics seemed to result from this,

Fig. 8 shows plots of counting rate vs discriminator bias,
The ordinate therefore represents the number of pulses obtained which
were above a certain minimum height while the abscissa represents
this minimum height., Naturally, such a curve is a monotonic decreas=-
ing one. It shows the way in which the efficiency of the counter is
reduced when the discriminator bias is increased., Such a plot is
called an integrel pulse height distribution curve or simply an integral
curve, By lowering the discriminator bias, one may obtain a more effi-
cient counter; but at the same time this advantage is offset by an in-
crease in the background counting rate. An analysis giving the optimum
discriminator setting is described in the section on precision, page 76.
This setting is generally in the low bias and high efficiency region.

Absolute efficisncy mey be defined as the fraction of gamma
ray photons entering the 3" x 3" window of the detector, which are
counted, To determine the absolute efficiency of the detector, a
standard source of cobalt 60, having a known strength of 11,65 Ruther-
fords, was obtained, A4 line representing 50% efficiency is shown on
the integral pulse height diagram in Fig, 8, A similar line represents
the efficiency of the multicellular geiger counter in use prior to

installation of the seintillation counter. Disecriminator bias settings
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Fig. 8. An integral curve showing the variation of efficiency with
discriminator setting for 1.2 Mev, radiation. Phototube
voltage was maintained at 800 volts. :
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giving 40% efficiency may conceivably be used, corresponding to about
5 times the efficiency of the geiger counter. Since the absorption
coefficient of the crystal for 1.2 Mev radiation is 0.5 in.'l,

about 40% of the beam is absorbed. ZEfficiency greater than 40% could
result from the counting of quanta scattered from the sides and back
of the crystel housing. It would appear from these considerations
that most of the pulses present are counted.

Properties of the scintillation counter, other than its
efficiency, may be conveniently studied by constructing a differential
pulse height distribution curve. Such a curve, which is roughly the
derivative of the negative of the integral curve, is a plot of the
height V versus the number pulses in a given counting time interval
whose heights lie in a narrow range V to V+ A V., This curve may be
obtained experimentally by using an electronic device called a differen-
tial discriminator, which passes to the scalar only pulses in the range
V to V+ A V, While the voltage V is adjustable, the differential
window A V is held precisely fixed by means of a battery. Therefore,
one is enabled to count only those pulses lying within the differential
window A V, Clearly a differential curve obtained in this way is
much more precige than one obtained by mechanically differentiating
an integral curve, since this would involve teking small differences
between large counting rates. On the other hand, an integral curve
of good accuracy may be obtained by integrating a differential curve.

Differential curves taken with small NaI (T1l) crystals, have
been used by Hofstadter and others(lo’ll’lz) to measure gamme ray

energies. These measurcments are possible because the brightness of
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the scintillations in NaI (T1l) is very closely proportional to
the amownt of energy released by the gamma rays in the crystal,
Djfferential pulse height distributions can thus be interpreted as
energy spectra, providing the light detecting apparatus is linear,

Gemma ray energy release in the crystal may result from either
photoeleciric absorption, Compton scattering, or pair production, In
each case the energy release, and thus the corresponding pulse height,
will be different,

If mono~cnergetic gamma rays are used, the pulses resulting
from photoelectric absorption will be of uniform height corresponding
to the total energy of the incident gamma, Although some of the energy
of the absorbed quantum gives kinetic energy to the ejected electron,
and some imparts work of ionization, all of this energy will eventually
be dissipated in the crystal, since the resultent x-ray or Auger elec-
tron will not generally be able to escape from the crystal, Compton
scattering, however, produces a continuum of pulse heights, provided
the degraded radiation escapes from the crystal,

When pair production is possible, the pulse height represents
the combined kinetic energy of the positron and electron, These
pulses will therefore have a height corresponding to the energy of
the incident photon minus the energy required for the creation of an
electron=positron pair. An idealized differential pulse height distri-
bution for a single gamma energy would therefore look something like
the curve in Fig. 9, with a peak at the high end corresponding to
photo-electric absorption, and a diminishing continuum of pulse heights

lsading away from this peak caused by Compton scattering. A second
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peak due to pair production may be present if the energy of the
gamma ray is sufficiently high.

Actual differential pulse height distributions often do not
resemble these ideal curves very closely., Except under especially
good conditions, the details of the curves, such as the peaks, tend
to be smeared out and an abnormally large number of small pulses are
observed. An actual curve taken with the 3" x 3" x 1* NaI (T1)
erystal and a source cobalt 60 is shown in Fig, 10, Although this
source is nearly monochromatic, the photoelectric and Compton peak
is quite broad. Poor resolution of the details of the pulse height
distribution curve results from the following causes:

1, Differences in the optical absorption of the scintilla-
tions in the crystal before reaching the phototube.

2. Differences in the amount of light from various scintilla-
tions which escapes from the crystal and fails to reach the phototube.

3., Variations in photosensitivity over the surface of the
cathode of the phototube.

4, Random variations in the gain of the phototube at low
signal levels due to variation of the multiplication factor on the
first few dynodes. (This effect results from the fact that a small
integral number of electrons are present in the pulse of current to
the first few dynodes. The number of secondaries produced by the
individual electrons varies in a statistical fashion and hence the
total multiplication factor also varies somewhat).

5. Apparent variations in pulse height caused by phototube

noise or possible noise or hum in the following amplifier,
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Other factors such as escape of x-rays and ionizing electrons
from the surface of the crystal could also damage the resolution but
such effects are believed to be of secondary importance. The large
number of small pulses observed in Fig, 10 is believed to be the
result of radiation scattered from the surroundings.

Resolution of the details of differential pulse height dis-
tribution curves are thus the key to learning about the quality of
the crystal, the optical system, and the phototubes. Extremely high
resolution has been obtained by Hofstadter and others using £" cubic
crystals and well collimated gamma rgxg(IZ). Such scintillation
counters used with very stable electronic circuits have been used
as high luminosity gamma ray spectrometers. It is too much to expesct
that the 3" x 3% x 1" crystal, having considerable variation in its
internal optical paths and using uncellimated radiation, should be
capable of this high resolution; nor is this necessary for it to
serve its purpose as a detector for the curved crystal spectrometer,
Nevertheless, the study of pulse height curves has proved quite help-
ful in the development and improvement of the seintillation counter.
After most of the preliminary studies had been made, improvements in
resolution were achieved by resplacing one of the phototubes which
seemed to have poor charecteristics, and upon the suggestion of Dr,
Hofstadter, by surrounding the crystal and light cones with aluminum
foil to enhance light reflection, Differential curves taken before
and after these improvements are shown in Fig. 11.

In order to be able to estimate the effect of cracks in the

crystal, and the effect of the variation in optical path over the face
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Fig. 11, Differential pulse height distributions from cobalt 60 radiation
taken before (above) and after (below) improvements were made on
the scintillation counter.
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of the crystal, a series of differential curves were plotted for
various parts of the crystal., For convenience, the face of the
3" x 3% crystal was marked off into nine 1" x 1" square regions,
The gamma ray beam was masked so as to hit only one of these regions
at a time, and differential curves were taken for each of the two
phototubes for each of the nine regions. These curves together
with a drawing of the face of the crystal showing the crack,appear
in Fig. 12, Ordinates of the curves are normalized so as to require
all the curves to have the same area. The position of the photopeak,
which in some cases is merely a bump, indicates a characteristic
pulse height obtainable from each region of the crystal. Although
this height varies considerably over the crystal face, the variation
is not as great as one might expect from a consideration of optical
path alone, The presence of the crack seems to have little effect
on the pulse height, although it does seem to influence the resolu-
tion somewhat, Differences in the curves over the face of thé crystal
may also be caused by slight cloudiness in the crystal, and absorption
of light by particles on the crystal surface, Such effects are diffi-
cult to evaluate in terms of the differentiel curves. In spite of
thege differences, the efficiencies of the various regions at low
discriminator setting are within 20% of each other, verifying again
that most of the pulses present are counted,

A detailed study of the variation of counter efficiency with
gamma energy has not yet been attempted, although it will be started
as soon &s another detector similar to the present one has been con-

structed, Such information would enable one to calculate the relative



Tube 1

Fig. 12(a).
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R S e N

Tube 2

Drawing of the sodium iodide crystal face showing
cracks and arbitrary division into nine one inch square
regions. Locations of phototubes are indicated on

the sides. This drawing allows interpretation of

the differential curves of Figs., 12(b) and (c).
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intensities of gamma ray lines observed with the spectrometer,
Corrections would have to be made for reflectivity of the curved
orystal, (1ind>*4) nas shown that the reflection coefficient of

the stressed crystal is proportional to the square of the reflected
wavelength) and for absorption of the gamms rays by the source,

Until more definite information is obtained, an approximate efficiency
mey be calculated by assuming that for gamma energies above 50 Kev
the efficiency is equal to the fraction of incident gamma rays
absorbed or scattered by the crystal, At lower gamme energies the
efficiency begins to drop because a significant fraction of the pulses
are too small to trigger the discriminator which must be set so as

to exclude the noise. A comparison of.the efficiencies of the scin-
tillation counter and the latest multicellular geiger counter, using
the 47 kev gamma radiation from a small source of radium D, revealed
however, that at this energy, the scintillation counter still had

thirteen times the efficiency of the geiger counter,
E. Electronics

Although mention has already been made of the electronic
circuits used to convert the scintillations of the Nal crystal into
electrical pulses suitable for counting, a more detailed description
is desirable. In this section therefore, a functional correlation
of these circuits is attempted, together with a detailed description
of those circuits developed specifically for this detector.

In the functional block diegram shown in Fig, 13, the detector

is represented schematically at the far left. Signals produced by the
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two phototubes are shown passing into the two preamplifiers, each of
which has a gain of 3,000 stabilized by inverse feedback, Both pre-
amplifiers, as well as the coincidence circuit, are placed directly
on top of the lead housing for the detector, in order to shorten th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>