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Mn®® COINCIDENCE COUNTING FACILITY
by

A, DeVolpi, K. G. A. Porges,
and R. N. Larsen

ABSTRACT

A two-stage absolute counting facility for large lig-
uid samples of aqueous 1\/11156SO_fM primarily intended for
better than 1% precision measurements of neutron source
strengths by the "manganese bath' technique, 1s described
here. Two=liter samples are counted in a V7V comncidence
arrangement which greatly improves long-term reproduc-
ibility at some sacrifice in counting statistics; this sacri-
fice is, however, lessened through anovel pulse-distribution
scheme which allows full utilization of the output of each
detector channel. The system is calibrated on an absolute
scale through another unit which counts aliquots of strongly
activated samples mixed with liquid scintillator n a 47 AB/W
coincidence mode. The entire facilityis designed toberead-
1ly adaptable to other radicisotope-counting requirements.

I. INTRODUCTION

As part of experiments which require the absolute determination
of weak neutron intensities, a two-stage counting system has been devel-
oped chiefly to assay the activity of radioactive solutions obtained from
integrating neutron detectors of the manganese bath type. When a preci-
sion of better than 1% is required of such a radioassay, long-term stability
becomes an important consideration in determining the choice of detection
system.

A survey of literature referring to the manganese bath technique
has disclosed that customary counting methods do not offer much hope for
the required precision. In principle, the Mn%® decay scheme (Fig. 1)(233)
suggests several possibilities for activity analysis; however, when a 640~
liter solution - as in the present case - is activated by a relatively weak
neutron source, a large liquid sample is needed, which tends to rule out
beta counting. Detection of light from Cherenkov radiation is reasonably
efficient for upwards to 0.1 liter of 2.00-=gm/liter manganous sulfate per
Z-in. cathode diameter of a low-noise photomultiplier tube. Beta-
scintillation counting through direct contact of the solution with plastic
scintillators is complicated bv light collection, surface area, and other



difficulties. Evaporation of a 2-liter sample yields almost 1 kg of powder
for a ZOO-gm/liter concentration of MnSO,. Use of the Szilard-Chalmers
reaction to separate carrier-free

w5 (2.5 e activity suffers from an absolute
SN —— 870 yncertainty of about 2% and a ran%e
\\ \:\\‘ o oot 12,201 837 of nonreproducibility of about 2%. 1)
\ N4 1.0u(20.4%) z::: . .
Y e Direct gamma counting of a
\ 2.85(66.2%) 2.10 | (i.29) liquid sample is feasible, though it
\\ ('2-(?%) 2.66 “2%)2 o5 297 has to contend with gain drifts, which
A (©-28) | (olam | (02 are an inherent difficulty in scintilla-
\\ l , o tion counting. When the decay scl;x()erne
0.’85 - is suitable, as is the case for Mn’7,
(93%) ’ the effect of amplitude drifts can be

0.0 greatly reduced by requiring coinci-
dence between two scintillation crys-

Fig. 1. Decay Scheme after Low- tals at some sacrifice in efficiency.

energy Neutron Activation By computing the ratio of the prod-
of Mn’%. uct of the pulse-height-selected

single-channel counts NA and Np
to the gamma-gamma coincidence count N, p, one obtains a quantity pro-
portional to the disintegration rate N:

56

Na NB = N(1 +a )t

NaB
This ratio depends on the detection efficiency largely through the small
factor &, which is also a function of the decay branching fractions. A more
thorough discussion of this factor, which in most situations amounts to
less than 0.1, may be found in Appendix A, where the above equation is de-
rived from very general considerations: The quantity U is chiefly depend-
ent on geometry, with a small portion being sensitive to pulse-height
spectrum.

The coincidence requirement, to be sure, results in considerably
worse statistics of the overall measurement when single-channel effi-
ciencies are low. Ordinary coincidence circuitry delivers useful counts
only over a small part of its output spectrum, since one channel of pulse-
height selection is associated with each detector. A pulse-distribution
scheme, described in detail in this report, overcomes this limitation by
making almost the full spectrum available. With the aid of this count rate
doubling technique, less than 1% statistical error can be obtained, for in-
stance, from activation of a 1-¢ Ra~-Be neutron source in a 25-gm/liter
MnSOQ, solution contained in a 42-in,-diameter sphere.

Gamma-gamma coincidence counting does not, however, result in
an absolute measurement, partly because an unknown geometry factor is




introduced in order to obtain high counting efficiency from a Z-liter solu-
tion, and partly because branching in the decay of Mn®® is not known ac-
curately enough. For this reason, the gamma-gamma counter is
intercalibrated with another system by comparing disintegration rates
from a source of high specific activity. The latter system, a 47 ﬁ/}’ coin-
cidence unit, is also described in this report.

The use of a two-stage measurement process affords a certain
latitude in design of each unit. Thus, the gamma-gamma coincidence setup
was designed for relatively low background, optimum efficiency, and long-
term reproducibility; on the other hand, high counting rate capabilities,
maximum efficiency, and appropriate precision have been incorporated into
the other section, a beta-gamma coincidence unit. A major part of the
electronic circuitry is common to both units, as will be described, effect-
ing a considerable economy.

In the V-7V system, two 4 x 5-in. sodium iodide crystals are mounted
so that almost 2 liters of solution can surround the detectors in an annulus.
The solution can be poured in through tubing which emerges from the lead
shielding. Phototube signals are amplified and shaped in two doubly differ-
entiating amplifiers, the pulses are timed from the zero crossing, selected
in energy by two single-channel pulse-height analyzers, and finally placed
in coincidence. Mn®® gammas have energies 0.845 Mev in coincidence with
1.8 or 2.1 Mev. A delay, mixing, splitting. and repeating artifice is used
to permit counting the 0.845-Mev radiation from either crystal and still
obtain valid coincidences with the lines of higher energy from the opposite
detector.

The PV system takes advantage of the fact that £ emission of Mn®®
is 100% in coincidence with gamma emission, and that most of the beta
particles have high energies (cf. Fig. 1). Aliquots of activated manganese
solution are added to a liquid scintillator which has a beta-detection effi-
ciency of about 98%, a background level (including noise) of about 1.3 cps,
and can with high accuracy currently handle count rates up to 10% cps.
The accompanying gamma channel features a 3-in. Nal(T.) scintillator
which makes use of the same electronic chain as the V7 detectors.

Convenient operation of the beta detectors at room temperature
with adequately low noise rates was made possible by establishing a photo-
electron coincidence requirement between two photomultiplier tubes ob-
serving the same scintillation event. The pulses are fed directly from
high-gain phototubes into a pair of tunnel-diode discriminators, biased to
accept pulses due to a single photoelectron, thence into a coincidence ana-
lyzer and subsequently into time analysis with the gamma channel.

Daily, thorough checkouts of gain, timing, scaling, and other aspects
are utilized to ensure reliable operation. These procedures, as well as
methods of intercalibration, of data accumulation and processing, and of
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sample preparation, are incorporated in this handbook. In addition, re-
sults of testing and evaluation of the two systems are documented. All
electronic and nonelectronic apparatus are described, including perform-
ance of the circuitry. Appendices contain (A) an examination of the
coincidence equations, revealing the feasibility of high~stability V7V count-
ing, (B) dead-time and resolving-time corrections, (C) a literature survevy,
(D) data-processing chain, (E) some useful tables concerning Mn®® decay,
and (F) techniques of preparation of manganese samples.



II. DETECTION APPARATUS

A. Gamma-Gamma System

Two 4-in.-deep, 5-in.-diameter Nal(Tl) crystals are mounted as
shown in Fig. 2. The arrangement was chosen to optimize coincidence ef-
ficiency while also allowing each detector to view as large a volume as
possible. The container, plus tubing, holds 1.85 liters of fluid. Ordinarily,
two-fold coincidence equipment is designed to allow either point-source
geometryor 47 detection by one of the detectors for reasons covered in
Appendix A. Here, however, absolute determination was sacrificed in
order to have as high a coincidence efficiency as possible, given the use
of two available inorganic crystals. The fact that coincidence efficiency
in some regions of the container is noticeably lower than in the central
volume enters into the result only to the extent of the Compton contribution
to the 0.845-Mev spectrum,; these conclusions are supported in Appendix A.

INLET & VENT— "O" RING
7 0N D\Jﬂ:yﬁ —
i = 17 1
LJ | COOLING COILS |
-43_1_
o Tl | e
REGION]  Na1 (T) VOLTAGE 1
Mﬂ ) - 51 = ervera [ [T T TWIHER 3
5
\ l =1 | |
1 £ N
A | 1
/PSR ANV MW FRAME N
UUTLET—/ 3 11 \5 \—-SUPPDRT
23 4 1 5
8 2 B

Fig. 2. Details of Liquid Counter Construction. (Dimensions in in.)

In order to optimize the geometry, the Nal(Tl) cylinders were re-

moved from their original containers and repotted in 10-mil-thick stainless

steel cans. The flange at the base of each can was designed to close one
end of a section of 4-in.-thick, 64-in.-ID, Type 304 stainless steel pipe.
The stainless container and fittings, as well as Tygon tubing, were chosen
to prevent corrosion by the acidic solution and to permit easy cleaning of
the system by flushing. When repotted in the thin-walled steel can, a
minimum amount of MgO reflecting powder was used in order to decrease
the distance between solution and crystal (which originally had been over
% in.). The mounting flange from the aluminum Harshaw package was
reused, but the top plate which mounts around the glass optical coupler
was machined from stainless steel. Figure 3 shows the expanded sections
composing the can. The glass coupling plate was secured with transparent
adhesive, and the entire package was assembled and sealed with epoxy by
Electronics Division personnel in their dry room. The two identical crys-
tals were then inserted in the outer container. Finally, the entire rig is

11
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mounted, as shown in Fig. 2, in a frame with shims that tilt the liquid con-
tainer slightly to permit full drainage and filling, and further prevent air
pockets from forming (which would result in unpredictable effective liquid
volume).
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Fig. 3. Exploded View of Detector Assembly for 4 x 5-in. NaI(Tl)
Crystals Used in Liquid Counting




. The liquid counter frame, with phototubes mounted on each crystal,
as well as voltage dividers at the base of each phototube, sits on a lead

base and is entirely surrounded by about 8 in. of lead shielding, as
described below.

The plumbing system is schematically indicated in Fig. 4. In
preparation for a count, approximately 2 liters of solution are poured into
the 2-liter stainless steel beaker, filling the counting volume by gravity
flow. Air is vented through the standpipe, which also is used to measure
the liquid level in the tubing. After counting, the solution is drained
through the bottom valve into a 2-liter polyethylene container. The entire
unit has been raised about 8 in. off the floor to allow run-off into a stand-
ing bottle. Although there should be no trapped pools after drainage,
residual drops of liquid must be flushed out by at least two complete
charges and discharges of ordinary water. The inside diameter of the
entire plumbing system has been kept above % in. to keep transfer times
down to a minute or so. Thus, it takes about 5 min to empty, flush twice,
and refill.

LIQUID
STORAGE STANDP|PE —=

— | M[XTERNAL SOURGE PLUG
[ VOLTAGE

| | | HHE [ | | DIVIDER

I JJ

L ET L
[T T i 1

CEMENT BLOCKS

DRAIN ‘

A \
Fig. 4. Shielding and Liquid Flow Arrangement for V7 Counter

Provision was made for maintaining the detectors and photomulti-
pliers at constant temperature by means of cooling coils which surround
the dynode region of the photomultiplier tubes and may be connected through

‘ to a thermostat. The temperature of the counting room, which is ordinarily
maintained within a few degrees by the air-conditioning system, has thus
far been stable enough to dispense with temperature control.



Both in order to prevent heating and for accessibility reasons, no .
vacuum tubes or transistors are inside the shield. Coaxial cables convey
DC voltages to dividers mounted close to the photomultiplier sockets;
anode signals are transmitted directly to the preamplifiers through about
2 ft of low-capacity (RG-114U) cable.

B. Beta-Gamma System

After considering and testing various alternatives, a 47 liquid
scintillation counter was chosen for the beta channel. In this device,
aliquots of aqueous solution from an
irradiated manganese sample are
mixed with liquid scintillator and
9 poured into a counting vial (shown in
"_+ Fig. 5). Scintillations and Cherenkov
light from this source are viewed
by two phototubes, optically coupled
9 to the vial.

o|w

Besides the two-tube liquid
scintillation detector on a horizontal
| axis, there is a 3-in. NaI(Tl) crys-
|- 32 tal vertically under the scintillation
E sample, as shown in Fig. 6. The
: two EMI-6255S phototubes were
| canned in a special alignment jig
J with about 2 in. of glass protruding
at the cathode end. The threaded
portion of each can is screwed into
the scintillation housing; depth of
Fig. 5. Pyrex Liquid Scintillation  the penetration can be varied. The
Cell (Dimensions in in.) scintillation cell holder floats be-
tween the two phototubes in silicon
fluid, large "O" rings being used to seal the phototube penetrations. The
cell holder, shown in detail in Fig. 7, has a removable horseshoe-shaped
spacer. When in place the spacer locates the cell on the same horizontal
axis as the two photomultipliers; when removed it is possible to insert
other types of phosphors, such as a plastic scintillator.

A foam-rubber-cushioned lid gives access into the housing through
the top. The lid presses on a microswitch in series with the input to the
DC supply for B-channel high voltage. Another such microswitch presses
against the lead shielding plug which must be removed in order to reach
the liquid sample cells. Both switches must be closed for the high voltage
to be on, thus preventing accidental light damage to the sensitive phototubes.
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Sufficient silicon oil (index of refraction close to 1.5 - about the
same as the phototube glass, the scintillation cell, and the liquid scintil-
lator) is introduced by means of a 20-ml hypodermic syringe into the
scintillation cell holder to obtain good coupling between the vial and both
phototube faces. A plenum is provided which maintains a reserve of ocil
against unavoidable depletion as sample vials are withdrawn repeatedly.
In ordinary use, the chamber needs to be cleaned and refilled about
once a week.

In order to circulate constant-temperature air in the vicinity of
the temperature-sensitive scintillation cell, photocathode, and first dynode,
the cell housing contains two threaded ports for connection to a thermo-
stat. However, this step has not been indicated thus far by our experience.

Voltage bleeders in miniboxes are attached onto the phototube bases
through Teflon sockets appropriate to this EMI tube. These boxes are
sealed with black tape to safeguard the light-proofing. (Although the tube
bases have been painted black, a few remaining pinholes make this ex-
ternal cover necessary.) For the same reason, the inside of the cell
housing and the lid area has been coated with black, nonreflecting paint.

The 3 x 3-in. NaI(Tl) crystal, located directly under the housing. is
in a standard package with a 3-in. photomultiplier tube and bleeder minibox

To place a sample cell in the counter, the following procedure is
required:

(1) The 10-1b lead top plug is lifted out of its fitted channel. (A
microswitch opens, disconnecting high voltage )

(2) The cell housing lid is removed (breaking the second micro-
switch connection).

(3) The vial may be placed in the holder by grasping the thin neck
of the cell. (Silicon fluid is immediately displaced. making
good optical contact.)

(4) The housing lid is replaced snugly (closing microswitch)

(5) The lead top plug is seated (restoring high voltage upon
microswitch contact).

As in the other system, the phototubes and their respective voltage
dividers are the only electronic devices included within the shield.

C. Shielding

Shielding design for either system was based on somewhat different
requirements which are briefly discussed below. Potential local sources



of radiation background which had to be considered include: (a) critical
facility located in the same building; (b) a multiple foil-counting facility
located in the same room; (c) various other radiocactive sources which
might be brought into the room or building from time to time. Further-
more, gamma radiation "cross talk” between the ¥V and BV detection
units as well as added background in the relatively unshielded foil
counters, mentioned above, had to be effectively prevented by proper
shielding and location of each unit For the beta detector, the radiation
shield was also required to improve overall integrity against light leak-
age; on the other hand, radiation background was relatively less important
as this detector usually counts strong sources with high efficiency.

To meet these requirements the respective shields are located
about 4 ft apart; the £Y unit 1s surrounded by 4 in of lead, and the ¥
unit by 8 in. The shields are constructed of standard 2 x 4 x 8-in. bricks,
overlapped wherever possible; all cable and plumbing penetrations are
angled or stepped in such a way as to avoid a "beam hole" directly into
a detector crystal. The roof of the V7V shield is built over a steel plate
which rests on the frame of the detector unit; the BY shield, on the other
hand. is built over a "unistrut'" skeleton which similarly supports the
roof on a steel plate. Additional shielding of =%-Mimmthick steel pipe was
placed around each of the gamma-detector photomultiplier tubes. Remov-
able. stepped plugs of l-in. diameter in the roof of the VYV unit, and through
the side of the B unit. allow the placement of various sources in the vicin-
ity of the gamma detectors. for purposes of calibration or checkout. (In
the YV unit, the %‘winh steel outer casing of the liquid source container is
still interposed between the detectors and any source thus introduced.)
The BY shield also has a removable plug through the roof through which
scintillator vials are inserted, as described previously.

Wath this amount of shielding. gamma-detector backgrounds are
down to the order of 1 cps per Nal crystal inside a 10-20% pulse-height
channel This background level 1s adequate for counting manganese bath
samples: hence no effort was made to bring down the background to a
level comparable with the best current practice

17
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III. SIGNAL CIRCUIT CONCEPTS .

A. Gamma-Gamma

The purpose of the V7V counting system is to detect a relatively
weak activity contained in a large liquid sample (approximately 2 liters)
with high background discrimination and extremely constant detection
efficiency. When a suitable decay scheme occurs, the last-mentioned re-
quirement can be met most easily by requiring coincidence between two
gamma detectors viewing the sample, as discussed in more detail in
Appendix A. This makes the processed counting information (product of
single-channel counts divided by coincidence count) almost entirely inde-
pendent of inevitable fluctuations in detection efficiency, including elec-
tronic factors, but reduces the total efficiency very strongly, since it is
necessary to exclude mutually the range of pulse heights accepted by the
coincident channels. Ordinarily, this implies a corresponding restriction
of the detector channels; the present system removes this restriction
electronically by redistributing the pulses from both detectors into coin-
cidence and single-channel output. The rationale of this pulse-
redistribution system may become clearer from a brief exposition of the
problems with a specific nuclide, Mn®®.

In the decay scheme of Mn®® (see Fig. 1), over one-third of all
beta disintegrations leave the Fe®® nucleus in 3.3-, 2.9-, or 2.7-Mev ex-
cited states,* which then decay to the ground state almost exclusively
through the 0.85-Mev level. The emitted gamma spectrum thus consists
of a high-energy group and a low-energy group; just about all of the high-
energy photons are emitted in time coincidence with low-energy photons;
conversely 1/2 to 2/3 of the low-energy photons are not emitted in time
coincidence with high-energy photons. The high-energy group can be
readily separated by pulse-height selection; on the other hand, a channel
which selects the low-energy peak also inevitably admits a certain frac-
tion of the Compton "tail" of the high~energy group of radiations. From
these various facts, it is readily apparent that, when weak sources are
counted, the coincidence count rate of a straightforward coincidence
system tends to be marginal. An improvement by a factor of two, achieved
by making full use of the pulses delivered by both detectors, is therefore
very useful.

In principle, several electronic schemes can be devised to sort
pulses in such a way as to use all of the coincidence component. A
straightforward scheme, for instance, is shown in Fig. 8. In that system
there are two pulse-height selectors, one accepting the 2-Mev group and
one set for 0.8 Mev, applied to each detector channel. The appropriate
pulses are added and then presented to the coincidence circuit. This .

*The fractional population of higher excited states varies roughly
between 1/3 and 1/2, as reported in the literature.




scheme obviously demands careful alignment and excellent stability of all
four analyzers, as well as requiring a large amount of electronic equip-
(Additional circuits, which would be required to allow short coin-
cidence gates and thus suppress accidental coincidences, are not shown.)

ment.
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Fig. 8. Full-capability Single~channel
Detection Using Four Analyzers
and Two Amplifiers

If, on the other hand, one introduces sufficient delay into one of the

detector channels, one can add the detector outputs and sort out pulse height

groups in only two single-~channel selectors; coincidence is then reestab-
lished by repeating the pulses in concordance with the initial delay. A
system of this type is depicted in Fig. 9; this is essentially the method de-~
One should note that one of the two amplifiers may

scribed in this report.

be omitted, as indicated in Fig. 10. Some comments concerning the rela-
tive advantages and defects of these schemes are made below and in Sec-

tion VII-B.

A simplified pulse history for either of the two delay-mixing-
repeating schemes is presented in Fig. 11.
siders a situation in which coincidence is actually detected in the pair of
NalI(Tl) crystals. Analyzer A is adjusted for 2-Mev amplitudes and ana-
lyzer B for the 0.8-Mev photopeak. The pulse from detector 2 is delayed
enough to minimize overlap; the linear amplifier or amplifiers are
assumed to be capable of handling this pulse train. Each analyzer fires
when the proper pulse shows up; then we restore the time-coincidence

This figure specifically con-
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information by repeating the pulse with a separation time identical to the
initial delay. By wvirtue of symmetry, the reversed detection occurrence
still yields a coincidence. The remainder of this section is devoted to de-
tailed considerations influencing the electronic design of the present sys-
tem, which uses two amplifiers; actual circuits are shown in Section V,

Being committed to two specific amplifiers, it was then alsoc neces-
sary to use an emitter-follower between the delay and the amplifier input,
which is designed for a signal source of very low impedance (a condition
which cannot be met by passive circuitry except at a large sacrifice of
pulse height). Furthermore, the existing digital outputs were not sufficient
to drive the necessary loads with a passive repeater. Thus, a chassis
which contains the low-level mixer-splitter and a pair of pulse repeaters
was designed to satisfy these two requirements. Another important ad-
vantage of the active repeater is that shape and height losses in cable re-
flection can be readily compensated. RG 176 (Z, = 22008 ) is used for the
basic delay and repeating functions. Adjusting the repeating cables to the
correct length is not difficult since they are open-ended delay lines, there-
by permitting cutting and unpeeling from that end.

B. Beta-Gamma

The equipment for 7 coincidence counting had to meet the
following requirements: (1) absolute accuracy, the chief concern; (2) capa-
bility of sustaining high disintegration rates; (3) very high efficiency in
the beta channel for Mn56; (4) small correction factors for accidentals and
dead-time effects; and (5) compatibility with the V7V system.

The physical arrangement has already been described in Sec-
tion II-B. Signals from the photomultiplier anodes, after release of at
least one photoelectron at both photocathodes, enter into fast coincidence.

Thus. a beta source of relatively low energy should require photomultipliers

of high conversion efficiency. Such tubes also generate a relatively strong
thermal noise current and demand short coincidence gates to eliminate ac-
cidental coincidences; in turn, the anode pulse rise time and jitter must be

somewhat shortier than this gate in order to avoid loss of true coincidences.

Noise reduction through cooling of the photocathodes is limited by the ad-
verse effect of low temperatures on the miscibility and optical properties
of the scintillator mixture.

These difficulties can be avoided when the beta source has rela-
tively high energy, as is the case with Mn®®, by trading off some loss in
conversion efficiency against a considerable reduction in dark current
with an "S" type photocathode. Available photomultipliers with "S" type
response and 1.7-in. photocathode diameter, EMI-6255 S, were used inthe
present beta detector. These tubes have the further advantage of develop-
ing enough gain to allow direct connection of the anode to a tunnel diode
discriminator (about 0.25-v threshold), but develop considerable timing
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jitter, having "venetian blind" dynode structures. The dark current at
room temperature (<\O 01 pa at 2000 a/lumen) is however low enough to
permit almost complete suppression with 50-nsec coincidence gates; thus
the timing jitter of the order of 20 nsec has no deleterious effect. Despite
the enhanced noise level (1000 c/s) caused by relatively high voltage

(2000 v) applied to each phototube, the beta-channel background rate (noise
plus radiation) is down to 1 c/s after BB coincidence.

A more serious difficulty with these tubes is the development of
occasional satellite pulses, possibly from positive ion feedback. Such
after-pulses were suppressed in the present system by imposing 13-lsec
paralysis after each count accepted by the B coincidence circuit. This
feature would begin to limit use of the equipment for disintegration rates
in excess of those which obtain in its present application (at most 10* dps).

In order to match the RG-114 pulse cables, the phototube anodes
have 185-ohm loads. Space-charge limiting between last dynode and anode
thus occurs at about 8 v, which has the useful effect of preventing possible
double triggering of tunnel diode discriminators with large pulses which
occur without limiting. The discriminator output pulses are shaped with
shorted 50-ohm cables and then applied to the coincidence circuit, whose
input is paralyzed after every count for 5 usec. A slow coincidence output
is fanned out into the singles scaler; a fast output is delayed for about
1.8 usec and then enters the final coincidence with the gamma channel.

The gamma detector consists of a Nal(T1l) crystal coupled to a
photomultiplier whose anode pulses are fed through a short cable to the
preamplifier of the undelayed 77 detector channel. By means of switches,
further described below, the 0.8-Mev amplifier, pulse-height selector, and
zero-crossing timer are "borrowed" from theV 7V system; the final coinci-
dence gate is thus approximately equal to the 50-nsec coincidence gate on
the beta side plus the 300-nsec zero-crosser output.

Against the possibility that higher count rates might be required of
the beta system, a 10-Mc prescaler has been provided in the beta singles
count channel. With paralysis removed, the prescaler can yield an accurate
count for low~-energy beta emitters, where extensive satellite production is
not likely to cccur.



. IV. SIGNAL CIRCUIT OPERATION

A. Gamma-Gamma

This section presents an exposition of signal routing in Fig. 12 and
photographs of operation in Fig. 13, with explanatory comments.
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The entire ¥y facility can be tested with an on-line pulse generator,
a 60-cycle mercury relay type. The output of the pulse is attenuated and
divided into two signals with pulse-height ratio corresponding to the approx-
imate ratio between the 0.8-Mev photopeak and the 1.8-2.1-Mev high-energy
group of Mn%%. The pulser signals may be introduced by switches to the
preamplifier inputs; at the same time, high voltage is turned off to avoid
feedthrough of cosmic ray pulses.

With the aid of a reversing switch, two pulse situations may be sim-
ulated: in the "high-low" position, a pulse of amplitude corresponding to
the high-energy group is directed into preamplifier 1, while the pulse rep-
resenting the low-energy photopeak is channeled into preamplifier 2; in the
"low-high" position, the reverse situation applies - low into 1, high into 2.

Channel 2 contains a 4-usec delay; channel 1 is undelayed. Input
into side 1 is attenuated to match losses in channel 2 delay line.

After mixing, the signal is split into two identical output branches
headed towards each amplifier Since the electronic circuitry throughout
the mixer-splitter consists exclusively of emitter-followers to stabilize
gain, there is some loss in pulse height. The output is shown in
Figs. 13-(a) and (b). Pulse shapes are chosen to closely reproduce the
charge-sensitive preamplifier outputs for actual NaI(Tl) scintillator input.

Single-channel analyzers and zero-crossing timers are integral
components of the two double-delay line differentiating amplifiers While
both amplifiers and zero-crossers process all pulses, the analyzer labeled
"A" selects the high-energy group with a broad window and "B" the 0.8-Mev
peak with a relatively narrow window. In order to obtain the best zcro-
crossing performance, gains in each amplifier are different. To improve
overload conditions, the high-frequency response of the amplifiers was
severely curtailed, as may be judged from Figs. 13 (c) through (f). One
should note that, by careful tuning, the first pulse returns to the baseline
well before the advent of the second. These photographs show the amplificr
(which is identical with the pick-off circuit input) but not the actual dis-
criminator input. There is an attenuator in front of the A analyzer; this
permits the gain of amplifier B to be twice as great as A, allowing the A
analyzer to be set about 10% with a 20% window and B at 33% with a 10%
window.

A well-timed pulse in each channel is obtained from a coincidence
between the zero-crosser and analyzer output These are shown in
Fig. 13 (g) through (i) for the two arrival sequences. Because of inherent
delay in the single-channel analyzer, the pick-off pulses have to be delayed
at least 100 nsec to obtain reliable coincidences. To avoid loss of rise time,
this delay is made in a long-pulse transmission cable (RG/114, 185 Q) which
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can be matched to the coincidence-circuit input without loss of pulse height.
The fast-coincidence output has the duration and timing of overlap.

The fast output of the timing coincidence circuit is passed to the
repeater which produces the pulses shown in Fig. 13, (j) and (k). Observe
that the repetition interval is exactly the delay of channel 1 relative to 2,
Actually, those pulses given in Fig. 13, (j) and (k) are first shunted through
a pair of fast discriminators, where they are further "squared off" and then
clipped with a 50~ohm echo line to about 90 nsec; this width eventually de-
termines the final ¥y coincidence gate,

Final adjustment of repeating time is made by carefully unwinding
the end of the delay cable while observing pulses on the oscilloscope. As
may be noted from photographs (1) and (m), this adjustment, if carefully
made, can produce very satisfactory and stable matching. Balancing
channel A with respect to channel B is possible by adjusting the length of
transmission line which brings the zero-crosser signal into the timing-
coincidence circuit. Interchange of the arrival sequence of the low- and
high-pulse groups leads to only a small shift in the final coincidence align-
ment. This is a sensitive indication of baseline restoration in the amplifier
and is the final arbiter as to whether delays are balanced and repeater
clipping lines are cut to just one-half of the original delay in channel 2.

To obtain photographs (1) and (m), the dual trace oscilloscope (Tektron=-
ix 581 with type 82 plug-in) was triggered with the final coincidence
output "AB."

The three coincidence circuits used in the whole system are iden-
tical; each provides a 10-v "slow" output from a trigger pair which is used
to drive 1-Mc scalers that require about 5-v signals. Use is also made of
the anticoincidence input on each unit to provide a long paralysis. Photo-
graphs (n) through (p) show the attenuated and delayed "slow" output pulses
which are fed back to the anticoincidence input, as well as the direct fast
output for comparison. Thus, signals going into coincidence AB have pulse
widths of about 90 nsec but have dead times close to 5 Usec. While this
stratagem increases the dead time correction, it improves the overall
accuracy of the sysiem, as explained in Appendix B.

With a Mn®® solution in the liguid counter, the amplifier outputs
appear as shown in (q) and (r). Here an effort was made to photograph

some actual coincident events.

B. Beta-Gamma

When By coincidence counting is to be conducted, one amplifier chan-
nel is "borrowed" from the vy system, as well as the coincidence circuits,
fast discriminators, and, of course, scalers. The two repeaters, the other
amplifier channel, and the preamplifier with subsequent 4-uUsec delay are



switched out of grid. As the By mode has its own Nal(Tl) detector and
high-voltage supply, the 7y high voltage is turned off to prevent background
feedthrough.

The liquid scintillation detector at the input of the beta channel has
already been discussed. In Fig. 14, photograph (a) exhibits the high-gain
phototube outputs after the signals traverse about 8 ft of RG 114. Risetime
is around 15 nsec (the tubes are inherently no faster than about 10 nsec).
Note that signals are limited by space-charge effects; further, observe
that the noise spectrum is visible in discriminator A input but is absent in
discriminator B input: this is due to triggering the scope on discrimina-
tor A output, effectively displaying the envelope of coincident and noncoin-
cident pulses. Although not noticeable on this photo, there are satellite
pulses trailing along for several microseconds. A 13-usec paralysis,
imposed as described above on coincidence output 5§, was found to be suf-
ficient to reduce the satellites to less than 0.1% of acceptable pulses.
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TRIGGER ON DISCRIM. A OUTPUT

{a)
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(b}
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TOP: DISCRIM. B OUTPUT WITH SATELLITE
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TOP: B INPUT: lv/cm

BOT: v INPUT: 2v/cm
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Fig. 14. Photographs of &% Signal Circuit
Operation with Mn®® Source
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Some gauge of time jitter in the P channel may be obtained by
examining the discriminator outputs synchronized with one of the signals,
as shown in (b); time dispersal is not much more than that of the pulse
risetime.

Figure 14 (c) depicts afterpulsing on the signal which enters the
BB coincidence, while the lower trace represents the dead time which
blocks the Bf coincidence output.

The 100-nsec signals from the B coincidence go to a splitter
located in the 10-Mc prescaler chassis. After scaling by 2, one branch
goes via a switch box to a scaler-register. The other (unscaled) branch
is amplified to 6 v, driving almost 2 yusec of RG 71, 93-(0 cable (over

1500 ft) in order to center the beta event within the confines of the gamma
pulse emerging from coincidence B.

When the gamma photon is detected in the inorganic scintillator,
its electronic representation is processed through preamp 1, the mixer-~
splitter, and then amplifier B, leading to a timed pulse coming out of
coincidence B. This signal is then diverted to coincidence A, which ac-
complishes the final analysis of By correlation. Photograph (d) of Fig. 14
exhibits such events being triggered on the slow <y output. Jitter here is
of the order of 30 nsec. The coincidence circuit fires at a threshold of the
order offiw v; thus, the total gate time (T’ﬁ + T 'Y) is over 400 nsec.

Shifting from yy to By can be effected entirely by switching without
reconnecting cables. In the interest of improved counting statics, it is also
expedient to reset the upper and lower levels on single-channel analyzer B.
The window is enlarged to about 20 v, while the 0.8-Mev photopeak is main-
tained at the same location as in 7yy counting.
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V. ELECTRONIC DESIGN

A. Digital Circuits

1. Digital Pulse Repeater

The pulse repeater uses the reflection from a delay line to
produce a second (repeated) digital pulse. The circuit is shown in Fig. 15.
At the input, the 1-k{} bias resistor at Q, base also provides a termination
for the sending cable. When a negative pulse appears at the input, it goes
through diode D; and emitter followers Q, and Q;. The pulse at this point
has lost some amplitude and "squareness," so it is reshaped in the output
stage. One-half of a pulse appearing at the emitter of Q; is propagated
down the 2200-(} delay line. Since this line is unterminated, the pulse is
reflected uninverted from the open end and appears back at the sending
end after a time of 27, where 7 is the delay of the cable in one direction.
This reflected pulse sees an approximate Z, termination of the cable
(2.2 k() because diode D; has become nonconducting and the reflected pulse
is of the polarity to back bias it even further. The reflected pulse is re-
shaped and amplified in the output stage. The position of the second pulse
relative to the first is determined by the length of the delay line.
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143-1204 Fig. 15. Digital Repeater

2. Coincidence Circuit

The coincidence circuit is based on a design by R. Epstein and
L. Welter of Argonne National Laboratory.(38) This circuit has been de-
veloped as part of a system in which pulses to the coincidence circuit are
generated by pulse standardizers. The circuit is not suitable for being
driven by sources capable of producing large overload pulses.
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The coincidence front panel is shown in Fig. 16. There are
two coincidence circuits and 3 power supplies mounted on one 37-in.-high
panel. A top view of the chassis is shown in Fig. 17. The printed circuit
boards are mounted directly on the input connectors to provide minimum
lead length between the connector and the input transistor.

143-839
Fig. 16. Front Panel Arrangement of Dual Fasi-slow
Coincidence Circuit

G

143-854

Fig. 17. Chassis Layout of Dual Fast-slow Coincidence Circuit




The circuit is shown in Fig. 18 and the operation is as follows:

Consider the tunnel diode (TD) and its 700-{ load, which are
connected across the -12-v and -3-v supply lines. In the absence of current
from Qp, Q;, Qs, or Q,, the TD conducts sufficient forward current to be in
the high-voltage state.

Q,, Q;, and Q, are current generators whose combined currents
flow into the tunnel diode. This current flowing through the tunnel diode in-
sures that the net TD current is in the reverse direction. Thus, the voltage
across the tunnel diode is a small reverse voltage. If all of the currents
are cut off, the tunnel diode switches to the high-voltage state. If all but
one of the currents are cut off, the tunnel diode remains in the low-voltage
state. Any of the inputs may be disabled by placing the input switch for
that input in the "not required’ position. This will quiescently cut off the
current through the {ransistor instead of requiring that an input pulse cut
it off.

The voltage pulse from the tunnel diode is transformer coupled
(through emitter-follower Q) to the long tail pair Qg and Q,. There is a
small step-up in voltage through the pulse transformer {approximately
1.5:1).

Qg is normally off and Q; 1s on. A negative pulse reverses this
condition, sending current to Qp and producing a fast output pulse at the
collector of Q;. This pulse is always of the same width as the input pulse.
The function of Qg is to present a voltage pulse to the scaler drive circuits
(Q10, Qq, Q1. Q) without having a significant voltage pulse appear at the

collector of Q4. Sucha pulse at this point is undesirable because it is coupled

through the Miller Effect back to Qg base, which slows the circuit action.

Qq and Qo form a trigger circuit The output from this trigger
drives cascaded emitter-followers Q;; and Q;;. These scaler-drive cir-
cuits are capable of operation at 4 Mc or less.

Q,, upon receipt of a negative pulse (anticoincidence), drives
additional backward current through the tunnel diode, preventing it from
switching to the high-voltage state, even in the presence of coincidence
inputs at transistors Q,, Q;, and Q.

Nominal values for the coincidence and anticoincidence input
pulses are:

amplitude -0.75 v
duration 10 nsec or greater
count rate 10 Mc or less

slow input amplitude 12 v




(49

CHANNEL |

~igv

GR
CHANNEL 2 S_

NOTES:

L T,= 22 TURNS OF #26 ENAMEL WIRE WOUND
ON 208Fi25-102 FERRONCUBE TOROID.
+l2Vo—AN +3V

L4l
#5 %7 TURNS
I5 TURNS
#3
TN LEAD
INT4GA -]-"‘rs ’J_so/s

ZENER . FAST QUTPUT DRIVES 50 TERMINATED
TRANSMISSION LINE.

ANTI-COINCIDENCE INPUT MUST PRECEDE "YES" INPUTS
BY { NANO SECOND FOR PROPER OPERATION,

4 SCALER OUTPUT DRIVES 931 TERMINATED
TRANSMISSION LINE.

5. GR CONNECTOR = GENERAL RADIO 874-PB8

BNC
CHANNEL 3
(SLow)

woV" #3) |#

1]

o

.||§

ANTY
comcmsncsi

143-1202

Fig. 18. Fast-slow Coincidence Circuit



33

The circuit will work for the following conditions as limits:

amplitude 0.5 v
duration 5 nsec or greater
count rate 30 Mc or less.

3. Discriminator

The discriminator circuit is shown in Fig. 19. Its operation
is as follows: when the discriminator level pot is set at zero percent, the
emitter of Q; is approximately zero voltage. Since the tunnel diode No. 1
cathode is also at zero voltage there will be no quiescent current through
the 600-{ resistor. ; quiescently conducts approximately 9.8 ma, which
is in the direction such as to switch TD No. 1 to its high state. Therefore,
when an additional signal current of 0.2 ma is provided, TD No. 1 will
switch. However, if the discriminator level pot is set at 100%, all the
guiescent current of Q; will flow into Q,, which means that there will be
zero current through TD No. 1. In this case, a signal current of 10 ma
must be provided to switch TD No. 1 to its high state.

The input stage is designedtohave aninputimpedance of 200 {}
This is provided by the 180-{i resistor in series with approximately 200
of the grounded base configuration of 3,. The input signals are negative,
which insures that Q; will always remain conducting, thus providing a
relatively constant impedance at the input. Since the voltage on the
emitter of ; is quite constant under signal conditions, a voltage pulse
at the input will be transformed to a proportional current signal at the
collector of ;. This current is then used to switch the tunnel diode cur-
rent discriminator TD No. 1.

TD No. 2 is a post discriminator and shaper. It is triggered
cach time that TD No 1 switches. The width of the pulse from TD No. 2
is determined by the 50-{ clipping line. The 25-%) resistor between the
clipping line and TD No. 2 is needed to provide an approximate Z, termina-
tion for the clip line. The output from TD No. 2 is shaped in the following
stages which are identical to the output stages of the coincidence circuit.
It should be noted that the discriminator is not extremely linear, since this
was not one of the requirements of this circuit. In order to provide better
linearity, TD No. 1 must be biascd by a constant-current source, which
would involve the use of a few more transistors that should be temperature
compensated.

The discriminator will operate with input pulses of 10 nsec.
The maximum acceptable count rate is a function of the length of the clipping
line, but the input stage is capable of operation at 10 Mc. The useful dy-
namic range of input pulses is approximately 0.1 to 2 v. It will tolerate
a 50-v pulse at the input without producing after-pulses.
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The physical layout of the discriminator is identical with that
of the coincidence circuit. There are two discriminators and three power
supplies mounted on one 37 -in rack panel.

4, 10-Mc Prescaler

A prescaler was originallv incorporated into the beta channel
in order not to prejudice the measurements through a dead time in the
single beta-count channel, as mentioned above.

5. Other Scalers

Three scalers, ANL model No, S24A, are used for manual
checkout. These units are remotely controlled for greater convenience
with a dekatron timer, ANL Model No. 39B, through additional relays A
single pushbufton thus resets all scalers, registers, and the timer, and
restarts a count after a delay of 0 1 sec. The scaler inputs may be
switched over from the manual scalers to an automatic system, described
in a laboratory report (4) The latter system can be programmed for re-
peated counting ai adjustable intervals; counts are punched out into IBM
cards. The manual scalers. which are used chiefly for checkout routines
(see next section), have been integrated with a dekatron timer, by means
of a simple arrangement of relays and switches, so a single pushbutton
resets three scalers and registers as well as thetimer, and starts another
count after an about 0 1-sec delay

B. Detector Signal Circuits

This circuitrv includes the input mixer and splitter, linear ampli-
fiers, pulse-height analyzers, and zero-crossing timing circuits

1.  Analog Mixer and Splitters

This circuit 1s shown in Fig 20 The emitter follower bias
resistor hasa resistance of 2 2 k. and also terminates the input cable. A
pulse which appears at input 1, or point A, will appear at point B attenu-
ated by 50%, since point C 1s held fixed by the low=-output impedance of
the emitter follower. The same follows for a pulse which appears at in-
put 2. The pulse 1s split at the output of a third emitter follower. Thus,
a pulsc appearing at either of the two inputs appears (50% attenuated) at
both outputs

2. Amplifiers, Pulse~height Analyses, and Zero Crossers

The amplifiers, General Nuclear Corp. Model No. 108, are
almost exact copies of the ORNL A-8 circuit. As the units when delivered
contained a number of wiring mistakes and required fairly extensive
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changes in layout before they could be used, a few revisions were made in
the basic circuit. More damping, for instance, was added in the output
loop to improve overloading characteristics at some expense in risetime.
Different tubes of better power dissipation were used in the single-channel
analyzer, resulting in a considerable improvement in stability. The zero-
crosser circuit, delivered as a separate unit, was incorporated in the main
chassis; this made it possible to remove some of the very crowded compo-
nents from the zero-crosser subchassis and to replace the rather unsatis-
factory negative bias supply of the latter with a tap into the negative supply
available on the main chassis.
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Fig. 20. Mixer-splitter

The output pulses of the zero-crosser were sharpened by
shunt-peaking and clipped very sharply through reduction of the coupling
capacitor of the output trigger pair; the current through this circuit unit
was at the same time increased so as to obtain output pulses of adequate
height.

A number of diodes were replaced with diodes of better quality
now available; resistors in some cri’f;ical locations were replaced with
precision wire~wound resistors and/or with resistors of higher wattage
rating.




The clipping cables were separately jacketed in external shields
to remove some echoes from the tail end of the pulses (for repeated input
pulses such echoes are, of course particularly objectionable).

Another change which appeared to be desirable was to reduce
the gain of the first loop of the amplifier. Many commercially available
amplifiers, it appears, tend to have too much gain for scintillation applica-
tions, which means that input signals must usually be heavily attenuated.

A reduction in gain obviously improves the feedback stability and, hence,
seems advisable whenever the best possible stability is needed.

Through these various measures the stability of performance
of the amplifiers was considerably improved.

An interesting and perhaps somewhat disappointing feature of
operating these amplifiers with repeated pulscs is that much of the overload
stability is lost when repeated oscillations begin to appear at something
like 20 to 50 times overload. This may well be due to the fact that the
amplifier is necessarily verv sensitive to the repetition frequency (250 kc
for a 4-usec delay), which may lead to, perhaps, forbidding difficulties if
the pulse-repctition scheme 1s attempted in a counting problem for which
considerable overloading 1s unavoidable.

A final change made in the circuits requires a brief exposition
of two practical difficulties inherent in the operation of zero-crosser
circuits:

a. The two adjustable parameters of the circuit, the thres-
hold and the hysteresis, are interdependent, but vary individually with
the age of active elements 1n the trigger circuit. As a result, the range
over which the timing error falls within certain limits is necessarily
smaller than the full range of input pulse heights. Since the error becomes
large very rapidly for pulse heights below, say 10 v, it is expedient to
keep the zero-crosser threshold well above this value, allowing some
change as vacuum tubes weaken

b. In the present system, the timing error also becomes
large near the high end of the pulse-height spectrum. As discussed by
Fairstein et _a_Lg<39) the zero-crossing point is the image of the time at
which the input pulses rise to half their height; thus, any nonlinearity of
amplifier gain {which may occur long before saturation limiting) will
cause a systematic shift of the crossing point.

For these reasons, counting with the highest precision and
stability calls for a more or less fixed window threshold, somewhere
above the zero-crosser threshold, as well as a maximum window width
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below the region of increasing timing error. In order to select different
parts of spectra with the pulse-height analyzer, it is then expedient to pro-
vide an attenuator between amplifier ouiput and analyzer input; such at-
tenuators were incorporated in our equipment Furthermore, it was
necessary to widen the maximum window from 10 to 20 v in order to
accommodate the whole "high-energy" group, by rewiring the potentiometer-
dividers controlling the window waidth

C. DC and AC Power Supplies

All the amplifiers, high-voltage supplies, and transistorized cir-
cuits receive their AC supply from a Sorenson Model No. FRLD 750 voltage
regulator. This unit provides 0.35% distortion for a typical 2% line distor-
tion and attenuates line transients by a factor of 8 in less than one cycle.
Regulation accuracy is of the order of 0.5%, according to ratings by manu-
facturer. Additional pickup reduction was obtained by placing ferrite chokes
in the DC supplies for the tunnel diode discriminators and the digital
splitters.

The phototubes on the Nal{Tl) crystals are operated from Fluke
Model 409A high-voltage supplies. These units are rated at 3 ma, 0.01%
regulation for a 10-v change in line voltage and 0.02% stability per day
after warmup. Since the phototube bleeders draw about--ma each, a di-
vider circuit was made up to supply both resistor strings from the same
409A. The divider shown in Fig. 21 was constructed to provide fine control
of both tubes in common, as well as adjustment of each phototube voltage
over a wide range. Ceramic rotary switches and low-temperature-
coefficient (less than 50 ppm/DC) resistors and helipots were used
throughout.

The gamma channel in the Sy coincidence arrangement has a sep-
arate 409A providing current through another 300-k{i helipot for fine gain
control It is by means of these high-voltage controls that gains are modi-
fied in all gamma detectors to compensate for day-to-day variations

The two EMI-6255S phototubes in the beta channel draw their supply
from a Fluke Model 405. This power supply readily provides the 2 ma and
2200 v required to obtain high gain, while maintaining 0.01% line regula-
tion and 0.005% per hour, 0.05% per day stability after warmup. A divider
which allows independent adjustment of each tube voltage, as well as the
bleeders affixed to the base of each photomultiplier, are shown in Fig. 22
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VI, EQUIPMENT OPERATION

A. Daily Checkout

1, Gamma-Gamma

About 45 min to an hour each working day is devoted to a morn-

ing checkout of both the vy and By counting systems. The tests are designed

to inspect for malfunctions, gain changes, timaing shifts, and stability,

In order to establish continuity in operation, a check list is pro-
vided (see Fig. 23), which may be used to verify all settings. After a short
period of experience, reference to the list no longer becomes necessary,
The ¥y mode is usually checked with the aid of the form in Fig, 24, A dual-
trace oscilloscope is set to view the triggered coincidence AB input with the
pulse generator. A check mark is placed when switching the low-high
sequence provides pulses, as in Fig. 13 (1) and (m).

Next, by recording the numbexr of counts in all three scalers for
each pulse sequence, a fairly extensive test of the counting system is ac-
complished. It is important at this stage that the number of coincidence
counts be equal to the number of counts in one of the two single channels
(specifically, the lowest).

The next task 1s to check the location of the 0.85-Mev peak.
This is carried out with the aid of a Mn** source, which happens to have its
single line at an energy just under the 0.855-Mev peak of Mn®®, The half-
life of Mn®* is about 300 days. A brief discriminator bias curve is accumu-
lated in the vicinity of the peak. This is obtained from first channel 1 with
channel 2 switched out at the preamp and then for channel 2, thus establish-
ing that the gain of each channel is identical to the desired extent, and that
pulses from each crystal will overlap, Some typical spectra are portrayed
in Figs. 25, 26, and 27. That there is essentially no less resolution when
adding the two channels is indicated in Fig., 25.

A note should be added concerning the poor resolution displayed.

For Mn*, this is largely the result of poor geometry, since the radiation
must penetrate a -i— ~in, steel pipe and also is degraded by much scattering
material. Although Mn®*¢ is inside the steel pipe, it is dissolved within two
liters of water and its spectrum is further penalized by scattering. Once
the two channels are aligned, the total count with both channels switched on
is obtained in order to evaluate overlap with better statistics. Normally,
gain corrections of only 1% are necessary, and there are many days when
no adjustments at all are required,
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COUNTING SYSTEM CHECK LiIST

Gamma-Gamma
I. PG Pulse Amplitude = Polarity = Attenuation =
Decay Time = Rise Time = Relay = ON
¥y HV = -v; DC 3W OFF 2v HV.:DC sw OFF
B HV: DCSW ON
Scalers: common/remote - MANUAL
AMP A: Gain = E = % AE = Mode: DIFF.
B: %o DIEFF,
Coinc. A: F-1 = R F-2 = _7¥ 5= v SW-7 =7y
B R NR _R SW-5 =7
AB: R R NR
Disc. 1: & SW-4 = 7
2: % SW-3 = vy S5W-8 = ON
Prescaler: )
PA: 1 = PG 2 = PG
SCOPE Test: Pulse Amplitude = v PW = ns & ns
2. Mn® PG: Relay = OFF % HV: DC SW ON '
PA: 1 7y 2 PG for Ch. 1 test
1 PG Zﬁ for Ch. 2 test
1 7y 2y for Ch. 1 + 2 test
3. Y°8 Set AMP B Disc. to Y® peak = %
4. BG Set AMP B Disc. to Mn?® peak = % Remove Sources; Set coinc.
5. AUTO SCALERS Scalers: Automatic; PA 1 = PG; Set 6 digit code; PA 2 = PG
PG: Relay ON; Coinc. = 4-fold; vy, HV = DC SW QOFF
6. Mn® PG: Relay OFF vy HV = DC SW_ON
Set 6 digit code PG1 = vy PG 2 = 7y
Beta~Gamma
1. Mno% v HV = DC SW QFF £y HV = DC SW ON
PG 1 = By £ HV = DC SW ON
Scalers = M or A
2. BG Remove sources; close plug; insert dummy scintillator,
Check automatic scaler code (if used); Set Disc. Amp B to Mn®® peak.
3. Co*® Use integral disc. E =
4, Mr_lii Use differential disc. E = on Amp B
8 switches, especially SW 8 on £ after Co® test
By & vy HV
Check: PA1 &2
Amp B settings
PG
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A COUNIING SYSTEM DAILY CHECKOUT
B 143 9485
AB 143 978 Date Feb, 21, 19063
Time 0900
By F. O.
Gamma-Gamma
1, Disc. H-1. L-H
A 10 % 722 722
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Coine. j.x N 2031 1990 /5011 N 2045
n_V7 2137 oy g ¥ 12413 2124 ¢, 12 sec
L\%D v 2031 2159 :) 7846 11
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Plug LN A_lu % 99 93 B 95 cte cte
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AB 2 93 o1 p | - P
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Fig. 24
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One further test is made with the Mn®* source. As indicated in
Fig. 26, the bias in analyzer A can be chosen as to avoid completely all
counts due to the 0.85-Mev peak. When this bias is properly chosen, there
should be no coincidences at all due to the Mn®® source (but a few from
background). Accordingly, the channel A discriminator is lowered until
the sudden onset of coincidence occurs, and this value is recorded. Normal
operation of the high-energy channel A is at 8.0%, well above the 5—%—% cut-
off indicated,

In order to make an assessment of the coincidence~circuit
operation, an Y® source is placed in position for counting., This 100-~-day
gamma source has a convenient coincidence between 0.91- and 1.85-Mev
levels for about 90% of all decays. Only a small change in discriminator B
location is required to obtain an optimum count rate., First, a l-min run
is made, the efficiencies and disintegration rate being calculated and com-
pared with previous runs. A longer run may be made later during the day
when convenient,

The next tests with the Y% sample are carried out by switching
various toggles located on the coincidence panels. By "3-Fold" is meant
the imposition of a third coincidence requirement when, in fact, only
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two pulses are entering the particular unit; there should be an immediate
cessation of coincidences, as the check marks so attest.

If, in the final coincidence AB, either A or B input is placed
in "not required" position, then there should be direct feedthrough of the
single channel; this is the meaning of "2-Fold(A)" and "2-Fold(B)." There
is a small difference in the dead times of the two coincidence output
(~0.5 usec), so that at very high count rates one can expect a discrepancy.
This particular test has been very helpful in indicating some shortcomings
which have now been corrected, At one time overloading of the amplifiers
was poor, a situation especially noticeable with large background pulses.
Since there was only l-jsec deadtime in the direct output for singles, but
almost 5 usec for coincidences, extra single pulses were appearing. This
has been remedied by better tuning of the amplifiers.

The remaining two Y% tests determine features of fast and slow
coincidence without the simultaneous fast-slow requirement, The number
of AB counts in "2-Fold(F)" reflects the number of coincident pulses hitting
the zero-cross circuit. This number should be equal to, but not much less
than, the lowest count rate of the two single channels. There are six pulses
at the zero cross for every one accepted in Channel B fast-slow coincidence,
and 4:1 for Channel A, Channel B rate should be larger, since it needs
higher gain in order to fire on 0.85-Mev events; Channel A pick=-off triggers
only on events above that energy.

When the fast channel is no longer required, then the number
of counts in A and B under "2-Fold(S)" should agree, within statistics,
or be not much more than the counts obtained with the results under
"2-Fold(A)" or "2-Fold(B)" or be —;— of a 60~-sec count. A higher result in
Channel B would indicate that a few pulses are rejected on the basis of
timing. There are only 11 coincidences in AB result, instead of perhaps
—; of 14, because the leading edges of the slow pulses are not properly

timed for final AB coincidence; alignment is based on fast pulse appearance.

The fourth testing category is background. First of all, this
ensures that there is no significant residual activity or sources in the area
and that there is no electronic pickup from other equipment. The "4-Fold"
test is made under standard operating conditions, whereas "2-Fold(A)" and
"2-Fold(B)" again test for a feedthrough discrepancy. Space is set aside
for recording the results of a longer background run when carried out on
the manual console.

When the automatic equipment is to be used, a brief check is
made with the pulse generator to ensure that pulses are going into the
proper scaler, After a Mn%® sample has been inserted in the liquid counter,
a computation is made to ascertain that counting efficiency is in the normal
range.



Several summaries of test data are maintained. A quick glance
at the Y® efficiency summary provides a reliable indication of any trends
in the single efficiencies or the disintegration rate. These are further sup-
ported by a log of "Mn>* counts in 30 sec" and the summary of Mn?®
efficiencies.

2, Beta-Gamma

On those days that v detection is to take place, a brief test
series is conducted. A 20% window is used in order to obtain high efficiency
at reasonably low background; thus, the peak counting rate occurs at a lower
discriminator setting for analyzer B, even though the gain is about the same
as for 7Y counting. With the Mn3® source, the peak is maintained at the
21 -;-% level, A background check for 1 min is adequate to disclose possible
spurious operation. An aliquot of Co®®, dissolved in a liquid scintillator, is
maintained as a reference standard for efficiency. The disintegration rate
and channel efficiencies are computed; in addition, the blocking pulse is re~
moved from the 2f coincidence in order that a more valid measure of the
true efficiency may be obtained, as well as assurance of correct operation.

Finally. when a Mn®® vial has been placed in the chamber, the
results of an initial run are recorded as the final referee. A log of Co® and
Mn®® results is also maintained for this mode of operation, The computed
disintegration rate for Co® has been quite reproducible within counting
statistics. Mn®® beta efficiency has been consistently in the order of 98%
and the gamma efficiency around 1,9%.

B. Counting Routine

1. Intercalibration

Since the Yy system is not completely independent of efficiency
in the computation of NANB/NAB’ a procedure of intercalibration is carried
cut frequently. At present, this is done every day, but as results reach a
reliable pattern, the intercalibration frequency will diminish to two or
three times a week,

A MnSO, sample, irradiated in the CP-5 rabbit, is dissolved in
a dilute aqueous solution at a specific activity intended to yield around
10%(d/s) /100 X\ in the late afternoon. A 50-2X aliquot is quantitatively intro-
duced to a liquid scintillation sample and 100 A to 2,000 liters of distilled
water., The pipettings are carried out with an ultramicroburet, or, more
recently, with a pipet-buret with relative delivery accuracy better than
0.1%. Generally, three scintillation and three water samples are made.
Specific details of the procedure are listed in Appendix F.
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The samples are then counted according to a prescribed plan
(see Table I) so as to yield about 10° coincidences for each sample in the
course of approximately 2 hr. The 7 7y counting of three samples ordinarily
takes about 1 % hr and fv counting of three samples less than —_1,‘— hr. The
results are then sent to the computer, where the appropriate calculations
are made; further information on the steps involved in handling this data
are relegated to Appendix G.

Table |

MnS® INTERCALIBRATION SCHEDULE

Initial Rates Yy [ Counting Time ] Yy Counting Time* Total
Yy | By Standard T Total Counting

N AB N By Dev‘i;:ion 191 1q2 193 Coicncudence 2(?1 ZQZ 2(_)3 Tlm.e”

Wls x 1079 /st Wlsl /5! 4 min min min ounts min min min {min)
4 70 2x10% | 500 1/3 25 28 £ 10° 4 4 4 97

{ 3.5 63 1.8 x 104 450 113 30 35 41 10° 5 5 5 136
3 50 15 x 104 375 1/3 36 41 47 105 7 7 7 160

3 50 15 x 104 375 112 18 20 24 5 x 104 5 5 6 93 '

2.5 45 1.25 x 104 300 /3 40 4 ’ 63 10° 10 10 11 196

25 45 1.25 x 104 300 vz 2 23 27 5 x 104 7 7 7 106

2 36 104 250 1/3 50 65 88 10° 15 16 17 266

2 36 104 250 1/2 27 31 37 5 x 108 9 9 10 138

15 % | 75x103 | 190 12 % 4 4 5 x 104 BB 16 184

*In all cases tofal By coincidence counts = § x 104 for 0.1% standard deviation.
== Includes 15 min for total sample-changing time.

It is necessary to flush out the -, liquid counter with water at
least twice in order to reduce residual activity to a small fraction. This

requires about 5 min, including time for refilling with the next counting
sample. Time for changing scintillation samples is about 1 min.

As shown in Appendix B, there remains, after computing the
disintegration rate for -, -, detection., a correction factor related to the true
rate obtained in the £y coincidence apparatus. The specific aclivity is
determined by dividing the weighted mean disintegration rate for each
sample by its aliquot volume. The ratio of the 7,7/ to By specific activities
is then obtained, and this result is divided by 4; division by 2 is required
in order to adjust the result for the prescaling factor of 2 in £, counting;
the other factor of 24 is used to correct the double efficiency factors in the
", equations. The existing ratio of 1,23 is close to (1 +O)Veff/2.000;
this implies that [(1+ x)=1.35. A log of these results is kept current, and
those data obtained since the last modification of the equipment have an
rms spread of 0.67% for over 30 intercalibrations.

The relationship between 2.000 liters used in intercalibration
versus the approximate 2 liters drawn from the bath is as follows: The
liquid counter actually holds about 1.8 liters within the counting volume and




immediate tubing, The remaining liquid is retained in the tubing which
passes through the shield and for the most part, in the beaker on top of the
shield. Thus, there is an effective volume (Veff) which is seen by the
gamma scintillaters, and this volume is quite insensitive to the exact
amount of liquid remaining in the shielded beaker, When the intercalibration
takes place, the same analysis holds true, but at this point it is important to
dilute the activity to an exact volume; yet the result is applicable to Veiff.

2, Manganese Bath

It is intended that about 5 hr of each working day be devoted to
counting samples derived from the manganese bath. With a 1-hr checkout
and a 2-hr intercalibration, this 1s feasible; on days without an intercalibra-
tion, additional time may be devoted to the manganese bath., Usually, a
manganese bath solution is counted for about one half-life (2.6 hr).

After at least 1 hr of stirring by a closed-loop pumping process,
a sample of volume approximately 2 liters 1s withdrawn and then carried
downstairs tc the counting room, Information appropriate to decay correc-
tions is recorded,

Some results based on a dilute concentration (25 g/l) of man=-
ganese sulfate activated by a l1-¢ Ra-2=Be source indicate an rms deviation
of 1% for 5 runs,

The most significant counting efficiency to discuss is the number
of coincidence Counts/sec (referred to the start of actual counting) divided
by the number of Mn®® dimntegrations/sec in the sphere at saturation, This
154 x 107° count/dlsintegratlon for a 640-liter manganese bath. From the
intercalibration procedure, one learns that the efficiencies for counting
2 liters in the count rate doubler V7Y system are A= 2 x 0,026;

B =2 x 0.048, AB =2 x 0,001, There 1s a 5-10 min lag between sample

withdrawal and commencement of counting.

3, Other Radioisotopes

Although the 7y counter is rather limited in terms of isotopes
that can be counted, the fy system is quite versatile. Since timing by the
zero-crosser is closely related to pulse height, one can only use the 79
mode without modification if the ratio of gamma energies is about
2 to 2,5:1, (This applies to Y% and Na®, for example.) One further restric-
tion would be that it is best not to introduce long-lived radioisotopes into the
counting chamber because of difficulty in flushing. On the other hand, a
l-in, source hole 1s available for counting external samples, although this
suffers {rom attenuation by %—mlng steel surrounding the Nal(T1). By either
bypassing the mixer-splitter (and repeater) or by changing gain, window,
and zero-cross settings, any type of yy detection may be carried out; in
fact, by providing new inputs to the preamps, external detectors may be
encompassed
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The £y mode can accommodate a much wider range of active
nuclides with a spread in disintegration rates. Again, keeping in mind the
requirements of pick-off circuit adjustment, the ¥ channel has reasonable
latitude for differential or integral settings. There is, however, little room
for changes in Nal(T1) distance to scintillation vial, although this feature
may be added in the future. The background level of this channel is its main
limitation. When set for a very broad region around the 0.85-Mev peak,

Y background is about 1.5 c/s and coincidence background about 0.014 c/sa
When opened up for Co®® counting (lower level around 0.6 Mev, integral
setting), gamma background goes up to 2.2 c/s and coincidence rate by a
factor of 10 (due to cosmic ray coincidences).

High intrinsic B efficiency (98% for Mn®%) and modest background
(1.5 c/s) allows this single channel to be used even for noncoincident low=
energy isotopes, such as C', One must first find a chemical form com-
patible with a liquid scintillator to obtain these high efficiencies, but
experience, as indicated in the literature survey in Appendix C, has proven
that almost any nuclide can be incorporated for internal liquid scintillation
counting. Moreover, there are supplemental methods, such as use of gels,
Cherenkov counting, and foil counting with a plastic scintillator,

For Cherenkov detection, we have dissolved active MnSO, in a
counting vial filled with water and obtained 40% efficiency. In addition, we
know from earlier experience that concentrations of 200 g/l, although
slightly pink in solution, still approach that limiting value. Counting of
Na®* (1.39 B max) has yielded 25% efficiency for an 11.8-ml solution contain-
ing 7 g of NaNOQO;; we have also managed to count an aqueous solution of
0.3 g NaNO; with 96% efficiency when incorporated in a liquid scintillator,

A plastic scintillator, shaped in a cylinder not much larger than
the scintillation vial, cut in two with a small recess for a l-cm? foil, its
plane lying on the horizontal axis between the two phototubes, provides
73% efficiency for a 5-mil manganese foil, Our efficiencies are equal to
or better than those given by Loveridge, 5) which is basically the system
upon which our setup is patterned. Some typical efficiencies from that
reference are abstracted in Table II and compared with those we have ob=
tained, It appears that an augmentation of internal scintillation sample ef-
ficiency is obtained from Cherenkov light generated in the glass and coupling
fluid, If satisfactory seals can be made, we plan to use a liquid scintillator
as coupling fluid in order to catch additional photons from long-range betas
which escape at the walls of the scintillator vial.



Table II

COMPARISON OF BETA CHANNEL EFFICIENCIES

Isotope Beta End-point Energy Our Results Loveridge(s)
(Mev)
2.8 (50%)
Mn>¢ 1.1 (30%) 98% 96%
0.7 (20%)
P 1.7 99% 98%
Co®® 0.31 93% 85%
Na® 1.4 98% 97%
Scté 0.36 95% 87%
4, Background and Environment

Nighttimes and weekends are usually reserved for background
monitoring, When the automatic readout equipment is available, counting
periods of about 2000 sec are chosen; the data are later inspected for spu-
rious effects and then tallied to obtain the average for all three channels.
Most of the time background is run for the Yy mode, but about once a week
a Py run is made., With the automatic data, it is possible to observe the
appearance of any residual activity not flushed out. For a long weekend,
we often leave a fully active sample in the counter and follow its decay into
background levels (Mn56 decays by a factor of 10° in a full day)., The data
are processed by the computer and subsequently plotted, thereby testing
the long-term stability of the apparatus.,

In order to preclude a systematic error, some backgrounds are
obtained during the working day. These check well with overnight and week-
end count rates.,

Temperature and humidity are also recorded daily.

A review of one month's accumulated background information
reveals the following:

1

1.562 + 0.118 c/s; v = 1.47 = 0.15 ¢/s; By = 0,015 # 0.001 c/s

I

A= 1.58+0.17¢/s; B = 1.96 + 0.10 ¢/s; AB = 0.018 # 0.001 ¢/s

The errors are rms values.
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With a source yielding 10° neutrons/sec in a 200 g/l manganese
solution, signa.l/background rates at the start of counting would thus be
approximately:

A = 107/1 with signal/error = 16/1
B = 2.9/1 with 58/1
AB = 7/1 with 120/1



VII. DISCUSSION

A. Equipment Performance

1. Gamma-~Gamma

An extensive series of tests have been carried out to deter-
mine the dependence of channel counts and coincidence ratio on various
operating parameters. For several settings which straddle the normal
operating region, disintegration rates have been obtained at statistics of
1/2% or better. Figures 28 and 29 demonstrate that plateaus exist in the
neighborhood of the 0.845-Mev peak, which is set daily on each detector.
Accordingly, changes in gain of #5% in either detection channel may be
tolerated between checkouts. Similar results obtain for changes in dis-
criminator level or window width. To ensure reliability of coincidences,
curves such as Fig. 30 have been run.
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Other evaluations, such as variation in fluid volume, confirm
that the liquid counter is primarily sensitive only to the 1.8 liters con-
tained and is adequately isolated from the 200 ml in the tubing and beaker
outside the shield (see Fig. 31). Thus, the exact quantity of liquid drawn
from the manganese bath is not significant, permitting use of an effective
volume for calculations.
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An important test which is sensitive to maay erfects is the
operating plateau obtained as a function of common high voltage, that is,
the single supply which governs both channels. This corresponds to chang-
ing both detector gains simultaneously. Ihe results of this investigation
are revealed in Fig. 32. At this juncture it is apparent that a high-voltage
supply with good regulation is needed and is employed.
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Possibly the most severe test of the system is obtained by
allowing a very hot sample to decay over many half-lives until it reaches
background level. This displays the adequacy of computer corrections
based on assumptions made (see Appendices B and D), as well as the ex-
tent of stability over a full day or so. Figures 33 and 34 are the results;
in Fig. 33 the slope is that of the characteristic Mn®® curve normalized
only at the intersect with the ordinate. The computed weighted mean and
probable error are drawn in Fig. 34. A similar set of decay curves for a
sample from a solution weakly activated by a Ra-Be source is presented
in Fig. 35.
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When combined with information obtained from records of
count rates of reference sources (300-day Mn®* and 90 day Y%) and with
the computed values of single-channel Mn>® efficiencies based on the coin-
cidence equations (see Appendix D), these data provide assurance of long-
term reproducibility in use.

2. Beta-Gamma

Similar functional curves have been obtained for the absolute
system. The emphasis here has been in showing that fairly large fluctua-
tions in beta or gamma efficiency could be tolerated while still leading to
invariant disintegration rates for Mn®%. This may be accomplished by
varying the high voltage (see Fig. 36), the discriminator level (see
Figs. 37 and 38), the ¥ window width (see Fig. 39), and the delay (see
Figs. 40 and 41). These indications of stability are sustained by a decay
curve of almost 3 half-lives (see Figs. 42 and 43).
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27 Counting of Mn?® Decay

There is, in addition, proof that results are insensitive to
aliquot volume in the range of normal use, or to other factors involved in
sample preparation, such as liquid scintillator quenching and manganese
concentration; however, a trial-and-error procedure was required to find
the optimal procedure for irradiation, handling, dilution, and delivery. It
is for this reason that an appendix is included with details of the steps
involved.

To date, the main effort has been directed towards demonstrat-
ing the invariant character of beta-gamma operation. A lengthy program
of comparison with 47 counting is in progress. Careful correction is re-
quired for the crossovers involved in the Mn>® decay scheme.

Although liquid scintillators tend to deteriorate after months
of storage, and although the Co%® betas have a rather low mean energy,
consistent disintegration rates have been collected for such a reference
sample.

The liquid scintillation system is rather versatile, as dis-
cussed earlier. There are occasions when thin deposits cannot be made
with sufficient activity or when there are chemical difficulties in sample




preparation for 47 proportional counting. In addition, with or without the
aid of supplemental pulse-shape-recognition circuitry, it is possible to
count and distinguish between betas, alphas, and fission fragmentsa(
However, when large amounts of material are incorporated internally, one
no longer benefits from lengthy regions of stability or from very high ef-
ficiency. In such cases, secondary calibrations are often essential, and
proper consideration must be given to the effect of scintillation pulses
caused by interactions originating from gamma emission, etc. Single-
channel counting of charged particles is feasible with this equipment; in
fact, for low-energy radiation, the 13-usec deadtime may be removed,
leaving only a 0.l-ysec paralysis caused by the prescaler,

Future uses of the equipment include neutron-yield measure-
ments with Cf*®? spontaneous fissions and thermal beam activations of

U%*® sources.

B. Comments on Design and Performance

In the course of designing, testing, improving, and operating the
equipment described in this report, a number of alternative means of sig-
nal processing were seriously considered; at the same time, further po-
tentially useful applications of the delay-mixing processing logic became
apparent. Some brief observations on these matters may be appropriate
here,

The first group of comments concerns the gamma-gamma elec-
tronics. As already mentioned. the system described in this report was
specifically designed to make use of two available amplifier-single-
channel analyzers of very good stability and overload characteristics. If
amplifier specifications are unrestricted, the delay-mixing scheme would
in principle allow one to use only a single amplifier and zero-crosser,
with two pulse-height selectors. One could further replace the mixer-
splitter input stage with a passive network, to improve the overall gain
stability, and likewise replace the repeater with a passive retwork in the
interest of economy and simplicity.

The design of possible passive networks for mixing (and splitting)
pulses at the input of the amplifier (or amplifiers) must match output im-
pedances of preamplifiers and input impedances of amplifiers to the im-
pedance of available delay cables of adequate bandwidth. as well as to
pulse cables which interconnect units. By proper location of the network,
long interconnecting cables can be placed where they do not affect the
pulse shape. Attenuation due to the network is not important, since enough
total gain is always available in the amplifier and preamplifier. Distor-
tion of pulse shapes, and appearance of small satellites due to distributed
capacitances and inductances are, however, more serious, and would have
to be eliminated by careful layout and compensating networks. This rather
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laborious task would improve overall stability to the extent to which a
purely passive element is more stable, in the long run, than any circuit
component, however carefully designed, which includes active elements.

PASSIVE MIXER FOR ANALOG SIGNALS The splitting and repeating
of the digital pulses at the output
of the two pulse-height selectors
could, similarly, be performed by
passive elements; in this case,
attenuation is apt to be more of a
nuisance than distortion and small
satellites. Two simple passive
circuits, for input mixing and for

Ri=2¢c—Zg . .

Rp+ Zh =R+ 2N / (Ra+21-26 /2) output repeating, respectively, are
20=PREAMPLIFIER OUTPUT IMPEDANCE ShOWn, for the sake of 111ustrat10n,
2i =AMPLIFIER INPUT IMPEDANCE in Fig. 44.

REpEN

When the equipment is in-
AAA COINCIDENCE tended for very low count rates
IN . . .
% . only, the zero-crossing circuit can
i

Zo—Ei

be dispensed with; in that case, in-
stead of using repeaters, the dis-

%y
AN— - - i
£

PASSIVE REPEATER FOR DIGITAL PULSES criminator output may simply be
lengthened to extend slightly be-
Fig. 44. Some Passive Network yond the delay, resulting in an
Concepts for Mixing, overall system of great simplicity.

Splitting and Repeating

As concerns the choice of
amplifier clipping and bandwidth, double differentiation clearly has the ad-
vantage of improving the return of the trace to the base line, while usually
lengthening the necessary delay of the second pulse with respect to the
first one. The delay, in turn, results in attenuation - which can be com-
pensated by adjusting the high voltage on the photomultiplier whose output
is delayed - and in distortion of the pulse shape. For this, as well as
other reasons, a delay-mix system of count rate doubling may not be suit-
able when good pulse-height resolution is a prime requisite. On the other
hand, when resolution is relatively unimportant, single delay-line clipping
may be feasible; the pulse separation could then be reduced by a factor of
two. Ultimately, pulses might be clipped very sharply, and delay times
thus cut down to several hundred nanoseconds, allowing use of ordinary
pulse cable for all delays throughout the system. The considerably better
bandwidth of such cables would result in improved sharpness of timing,

allowing coincidence gates to be narrowed to the point where the accidental/

true coincidence ratio is insignificant at the highest practical count rates.
The ultimate limit of clipping beyond which the resolution becomes inade-
quate is imposed only by the detector pulse rise time, since stable ampli-
fiers of bandwidth up to 50 Mc have become available recently.




The addition of pulse doubling and sorting circuitry does not inter-
fere with occasional use of the system, or parts of the system, without
doubling, if a few switches are arranged to disable the doubling function.
The gamma channel borrowed for the beta-gamma coincidence system
described in this report illustrates one of many possible arrangements of
this sort. Furthermore, part of the doubling circuitry may be combined
with additional units to construct other useful systems, such as, for in-
stance, a sum-coincidence spectrometer.

A modification of the delay-mix technique may be useful in liquid
scintillation counting: when photomultipliers are used whose gain is not
large enough to deliver single electron pulses directly to a discriminator
(say, 200 mv), the anode signal from one tube may be slightly delayed and
mixed with the signal from the other tube, the
combined signal fed to a single amplifier and

PMT LiguiD PMT

i SCINTILLATOR 2 discriminator, the discriminator output split,
}— one branch delayed, and both fed to a coinci-
MIXER Iy dence circuit (see Fig. 45). This stratagem,

T T to be sure, results in an increase by a factor

L]
AMPLIFIER

of three of the accidental coincidence rate;

however, with pulses of 5-10-nsec width, acci-
l dentals would still be negligible at relatively

DISCRIMINATOR high count rates. Further comments on liquid

[ scintillation counting electronics are made below.

¥

SPLITTER -——-~-—L
. The relative advantages of the delay-

DELAY E:QT mix scheme in comparison with two separate
011G 1 DENGE r—j single channels on each detector, followed by
i addition of appropriate outputs and coincidence,
v may now be briefly discussed. Although no per-
formance figures have been obtained for the lat-
ter system, other tests show that channel gain
Applicd to Single- in stability %s I?y far the l.argest contributing
channel Liquid Scintil- factor to coincidence-ratio fluctuation. The ad-
lation Counting dition of two more single-channel selectors,
whose level and window must be absolutely
stable, thus appears to be inherently less desirable than the addition of the
relatively stable digital circuits which perform the time realignment;
furthermore, frequent exact adjustment of four single channels may be
something of a nuisance in the long run. On the other hand, this scheme
would achieve slightly better resolution, for reasons mentioned above, and
behave better under severe overloading. Whether a delay-mix system of-
fers an economic advantage over a four-channel system is difficult to
assess, as both relatively inexpensive, transistorized, single-channel ana-

Fig. 45. Delay-mixing-splitting -
repeating Technique

lyzers and digital computer circuitry are becoming increasingly available.

The delay-iixing system allows more scope for useful improvements,
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such as anti-pileup circuits and self-contained pulse timing of zero-
crossing or other type, which improve the accuracy of deadtime
corrections.

We consider now some of the problems of the beta liquid scintilla-
tion counter. In principle, a single photomultiplier and fast discriminator
are sufficient to count all events which result in the emission of at least
two electrons from the photocathode within a time of the order of the
transit time jitter of the tube and reject dark-current single electromns.
This implies, however, that the light emitted by a scintillation is as ef-
ficiently collected by a single-tube-plus-reflector system as by two tubes,
that the gain of the tube and the discriminator level are very constant, al-
lowing reliable rejection of single electrons and acceptance of more than
one electron, that no afterpulses occur, and that the dark-current, two-
electron pileup is negligible in comparison with the desired signal count
rate. In practice, it is found that light collection is never quite as ef-
ficient for single tubes as for two-tube arrangements, that fast, stable
discrimination between single and multiple electrons is very difficult, that
large light pulses result in afterpulses of multi-electron height, and that
available phototubes of low time dispersion produce an appreciable two-
electron pileup, even with a few-nanosecond pulse clipping. The last re-
mark refers to room temperature; it turns out, however, that organic
scintillators compatible with an appreciable admixture of aqueous solution
become opaque when cooled to a temperature at which the dark current of
the phototube is reduced significantly. Light couplers which would allow
cooling the tube but not the scintillator again reduce the light-collection
efficiency. An important reason, however, which makes a coincidence
scheme an improvement over a simple pulse-addition scheme is the pres-
ence of numerous afterpulses following a large light pulse, due to beta
particles near the upper end of the spectrum.

Such afterpulses, whether due to positive ion or to light feedback,
are minimized by the venetian blind structure and opaque coating of the
EMI 6255-S tubes used in our beta counter; other types of tubes presumably
are not likely to give better results. Since the afterpulse rate increases
rapidly with multiplication, relief might be sought through reduction of
tube gain and wideband amplification between multiplier and discriminator.

For the record, an aborted earlier effort to obtain high efficiency
and good stability for liquid counting is summarized. This was by means
of Cherenkov- B/NaI(Tl)-"Y coincidences. Five low-noise phototubes, each
with gain capabilities of better than 4 x 107, were obtained from EMI. Dark
currents ranged from 0.002 to 0.010 ua and proprietary "tritium ratings"”
were 90/8 to 90//.20° The photocathodes protruded into a l-in. annulus
which surrounded a single 4 x 5-in. sodium iodide crystal (see Fig. 46). It
has been previously determined that the maximum range for light collection
from a manganous sulphate solution of 200 g/liter was about 1 cm. The
light-absorbing distribution of the slightly pink solution are presented in




67

Fig. 47. Because there existed reasonable transmission in the ultraviolet,
only quartz-faced photomultiplier tubes (EMI 6255S) were used, since
Cherenkov light is emitted as l/?x?’ in this region. Operation was at room
temperature with no anti-noise coincidence requirement.
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The efficiencies obtained at first appear relatively impressive;
for a 1.8-liter solution we found:

beta: 2.4% with 4.9 c¢/s background for all tubes added.

gamma: 5.8% with 0.85 c/s background for a full-width window
on the 0.85-Mev peak.

beta-gamma coincidences: 0.35% for 0.02 c/s background rate.

However, abandonment of this method was found necessary due to
the poor stability distribution of the disintegration rates. In the vicinity of
the beta bias setting, a slope of 3% disintegration rate per 10% beta ampli~-
tude change resulted. In Fig. 48 a steep slope for the Mn®® Cherenkov dis-
tribution indicates that there was no inherent region of plateau operation,
as is the case for the present gamma-gamma coincidence mode. The
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failure of efficiency terms to cancel is attributed largely to the fact that
Cherenkov photons were collected from only 500 ml of the fluid at best.
This leaves a large multiplicative factor to amplify residual efficiency
dependent terms arising from the "poor geometry" situation presented

here, as far as the coincidence equations (see Appendix A) are concerned.
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Fig. 48. Cherenkov Counter Integral
Bias Curves




VIII. SUMMARY

It is now possible to obtain consistent results in the assay of radio-
active MnSQO, solutions, enabling extended measurements of neutron-source
strengths which lead to rather weak activations. Although counting time to
obtain a given level of statistical confidence is extended, systematic errors
are less likely to affect the determination. Calibration procedures are still
required, but as experience in operation develops these steps may be re-
duced at a faster rate than would be permitted for a comparable single-
channel counting system. The gamma-gamma detection mode also allows
a relatively large sampling of the manganese bath in a situation of rela-
tively low background under all experimental conditions The utility of the
count rate doubling technique as well as the 41 3-7 svstem is demonstrated
in terms of a facility for general-purpose detection, aside from its original
application to Mnsag and, furthermore, for some special situations where-
under other methods of radicassay are less effective.
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. Appendix A

GEOMETRY, GAIN STABILITY, AND DECAY-SCHEME DEPENDENCE
CF COINCIDENCE COUNTING

Gamma-gamma coincidence counting is frequently used to determine
the absolute activity of radioactive sources which have a suitable decay
scheme, the source decay rate being obtained as the coincidence ratio
(product of single-channel counts to coincidence count), with certain cor-
rections which involve the decay scheme, the counting geometry, and de-
tection efficiencies of channels. These corrections, as will be shown. are
known only when the decay scheme is known with sufficient accuracy and
the source is essentially a point. For a large source, a precise, absolute
activity measurement through coincidences is therefore impossible. How-
ever, coincidence counting still improves the accuracy of intercomparison
of a number of such sources, as only a small part of the correction term
mentioned above is influenced by single-channel count-rate variations due
to electronic gain instability. Since gain variations of this sort cannot be
reduced beyond a certain point, the coincidence ratio obtained with a large-
sample gamma-gamma coincidence system is a more reliable measure of
the relative activityv of different samples, assaved over long periods, than
the channel count which might be obtained without coincidences, to the extent
that the gain-sensitive part of the correction term is small in comparison
with unity. The gamma-gamma counting system described in this report
takes advantage of this fact. The geometry and decay-scheme dependence
of the correction term is presumably constant. and may therefore be found
empirically by comparing coincidence ratios of aliquots of the same source
measured by the gamma-gamma system and an absolute counter, in which
the detection geometry may be optimized. The latter system may be for
instance, a beta-gamma coincidence system. which has certain advantages
over gamma-gamma counting chiefly related to the decay scheme. Argu-
ments in support of these several assertions will now be given, both for a
large-source gamma-gamma counting and for a beta-gamma counting.

11.

Consider, first, a gamma-gamma system of arbitrary geometry, in
which an extended, homogeneous source is viewed by two scintillation de-
tectors, attached to single channels with pulse-height selection, which de~
liver countable pulses to single scalers as well as suitably shaped pulses
to a coincidence circuit and attached coincidence scaler. For the sake of

. simplicity, we assume that the source has a simple decay scheme of the
Co® type, and adopt the convention that V; has higher, and ¥, lower energy.
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A decay which takes place at some source point S thus results in .
the absorption, at various points in the interior of either or both scintil-
lators, of various photons, as the source photons are scattered and de-
graded (through Compton, pair production, and photoelectric interactions)
in the source, in the scintillator, and elsewhere. A certain amount of light
is thereupon generated in either or both scintillators, yielding a certain
number of electrons at the photocathodes, and eventually in pulses of cer-
tain amplitudes in either or both channels. While the transformation of
well-collimated incident gamma radiation into pulse height has been ex-
tensively studied both theoretically and experimentally,(37) the present
situation further includes degradation in a medium surrounding the scin-
tillator, and arbitrary rather than collimated incidence. This precludes
any direct calculation of pulse-height spectra, even for relatively simple
geometries, A certain amount of insight can, however, be gained by singling
out different contributions to the spectra in both detectors from radiations
emanating from a small volume dV near some arbitrary source point S(rg).

We consider now specifically that part of the pulse-height spectrum
in one channel, say channel "a," which results from decays near the
point S, and absorption by detector a of direct or degraded radiation of
type 1. The number of such pulses per unit pulse height interval we denote
by Njz(h,rg) dh; as discussed above, this number is an implicit function of
decay scheme, source geometry, and detector parameters, and an explicit
function of the coordinate rg. All quantities referring to such a point
source will be designated here by primed symbols; the same quantities,
referring to the whole source, by unprimed symbols. Integration over all
pulse heights yields the intrinsic point-source detection probability:

o0
Wia = Nig(rg,h) dh (A-1)
0

whereas a similar integration over the analyzer cut (assuming all pulses
whose heights fall between h; and h, are accepted) yields the contribution

to the channel count (l/n)(dC{a/dVS) per unit decay from point S, by V¥,
photons only, in channel a (1) = source density). The ratio of channel

count to intrinsic detection probability may now be defined as the electronic
detection efficiency:

i
1 dCya
€]l.a. - -,;-). dVS/W{a. B (An2>

Alternatively, the electronic efficiency (which is the only part of the over-
all efficiency sensitive to electronic gain) may be defined in terms of the
normalized point spectrum: .




hZ
€1a :j[ ma(h,rg) dh (A-3)
1

Nialh,tg) = Njg/Wia . (A-4)

Single absorption of the other gamma ray, ignored thus far, may be
treated analogously. However, all or part of the energy of both gamma
rays may be absorbed in one detector, which yields a further contribution
to the observed spectrum. This sum spectrum, Néa(h,rs)dh, with intrinsic
detection probability

[2¢}
W'sa. :/ N'sa(h,l‘s> dh B (A“‘S)
0

may be written as a folding integral:

o0
lea(rs,h) dh = dh/ N;a(rs,h) Nza(rs,h—hl) dhl o (A"6)
0

Substitution of Eq. (A-5) in Eq. (A-6) and integration, in reverse order,
yield

<0 fo¢)
Wsa, :/ Nia(rs,hy) dh1/ Nia(rs,h-hy) dh = WiaWza . (A-7)
sf O 0

The probabilities defined above must now be corrected for sum loss:
(Wia), = Wia (1-Wia) . (A-8)

Assuming that channel a brackets the photopeak of ¥; and channel b
the photopeak of ¥,, some counts appear in channel b due to the Compton
tail of ¥; photons absorbed in detector b, while the reverse is not the case
(we have assumed that ¥, photons are more energetic). Both channels,
however, will sample the sum spectra. Coincidences can result only from
the joint detection of 1 in g and 2 in b. The point-source channel counts
and coincidence count per decay can now be written down:

€1a (W{a)t + Cga = €aWia {1 -Waa [1- (€'sa/€1'a)]} ;
(A-9)

Jl
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1 dc]li) 1 [l i 1 i 1 i t !
7oav. - €2b Wap(l- Wip) + €1p Wip (1 - Wob) + €sbWip Wap
S
(A-10)
1 4Cap
T av. - €1a €b Wia Wop . (A-11)
<]

The spectrum which would be observed in channel a, for instance, from a
point source at S only is the weighed sum of component spectra:

Ni,(rg,h) dh = {N{a (1-W3a)+ Nag (1-Wia)+ Nga } dh ; (A-12)

the total intrinsic detection probability for channel a is obtained by inte-
grating Eq. (A-12) over all pulse heights:

Wa = Wia + Waa - Wia Wia (4-13)

From (A-9), (A-10), and (A-11), one obtains the point-source coinci-
dence ratio

dCy dCyp
—'d—C‘T——' = 7 dVg (1+ a") ) (A-14)
ab
where
o= (el Wib/Wip) - (Wia+ Wip)

= {rl'b Wl'b [1 + (W;.a/wéb)] = (r;a Wéa + r'sbwl'b)}

+ WipWia {1+ 7ip - (rbatrbb) + vha [(xhb - ip) + (rin/Win)]}
(A-15)

1

Tipb = €1b/€3b 3 Tsa = €4a/€1a 3 Teb = €8p/€ip - (A-16)

The leading term of o' in Eq. (A-15) is composed of the intrinsic detection
efficiencies of either crystal for the radiation which is not wanted in that
channel, and of the Compton tail contribution of ¥, to channel b. Intrinsic
detection probabilitics are small for source points which are not too close
to either detector, while the Compton tail can always be reduced through
selection of a narrow channel, given reasonably good resolution. Thus,
the coincidence ratio is certainly much less sensitive to channel gain or
discriminator base-line shift than the individual counts. It may be added
that the factor @' can always be made negligibly small for gamma-gamma
coincidence counting with a point source by choosing suitable detector-
source distances, i.e., reducing W' factors to less than the required
fractional precision.




The observed counts due to a source of arbitrary size (and, again,
simple decay scheme) may now be obtained through integration over the
source volume:

Cy = 7 fel'a Wia (1-Wa) dVg + nfe'sa Wia Wia dVg ; (A-17a)

Cp = n[[€£bwéb (1-Wip) + €ib Wib (1-Wap) + C'is{bW,éb] dVg
(A-17b)
Cap = 7 [ €la €ib Wia Wip dVs . (A-17¢)

Note that all terms under the integration sign are sensitive to source ge-
ometry. We may now write down integrals for component channel counts:

Cia = Neja Wig = 7 c1alrs) Wialrs) dvs (A-18)
VS
pulse-height spectra:
N;a(h) dh = (-dh/N) Nig(rg,h) dvg (A-19a)
Vg |
Nig(h) dh = (ndh/NW,5) /’ Nia(rg,h) Wialrg) dVs ;  (A-19b)
VS

and electronic and intrinsic detection efficiencies:

h
2 7
€1a :/ Nja(h) dh = (’f?/N)/ €1a [Wialrs)/Wya] dvg ; (A-20a)
VS

Iy
Wia = (ﬂ/’N)/ Wia(rg) dVg : (A-20b)
VS

In so many words, the whole-source counting efficiency, (Eq. A-20), as
well as the whole-source component spectra, (Eq. A-19), are composed of
appropriately weighed point-source efficiencies and component spectra

(weights possibly including local source densities for nonuniform sources).

Further defining certain integrals:

7?/6"’1'aw1'a /2. Vg = Lia , (A-21a)

n/a'sawl'a Wi dVg = Isa (A-21D)

~J

n
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n [elb Wip WibdVs = Lb (A-21c)
’f}f€'sb Wzb Wib dVs = Isp . (A-21d)
m f€1'b Wip Wap dVg = Ly, (A-21e)
n /Eib Wib dVg = €p Wb, (A-21f)
nf€1'b Wib dVs = &p Wop = Cib/N (A-21g)

we obtain a coincidence ratio for extended sources:

CaCp/Cap = Ng(l +3) (A-22)

where now

a = {( €1bW1b/€sz2b) -[(La-Isa)/(NepaWia) + (b + Lb - Isb)/(N€2bWzb)]}

- [e1pWipb (Lia - Isa)/NE:lanaeszz’b] +(Lia - Isa){ib+ b - Isb)/
Nee,aWia€abWob (A-23)

and

F = CiaCan/N7 [(€1aWia)(€pWin) dVs (A-24)

The factor T in Eq. (A-22) is seen to be similar in structure to the
analogous factor o of the partial coincidence ratio due to radiations from
one arbitrary point of the source [see Eq. (A-14)]. Its leading term is
therefore still small, being essentially composed of averages of various
kinds (W;a, Lia ...) of small quantities (W;,,€15 ...) over the source volume.
The factor [, on the other hand, is the ratio of different kinds of averages
of the same quantities, and should therefore not differ very much from
unity.

As regards the sensitivity of the T factor to electronic instability,
we may as a zero approximation assume that the normalized partial
pulse-height spectra from different source points of either channel are
roughly identical. Thus I becomes independent of electronic gain:

o = NWiaWap/n [WiaWip avg . (A-25)
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Actually, one would expect a certain amount of variation in the
spectrum from different points of the source, both because of absorption
and scattering by the source itself and because the resolution of the scin-
tillation detector changes with the solid angle subtended by the detector at
the source point. The equipment, however, is sensitive only to small
regions of the pulse-height spectra in the vicinity of the respective chan-
nel windows; over such a region, differences between spectra from different
source points should be relatively small. It may therefore be permissible
to express the point efficiencies in terms of deviations from the whole
source efficiencies:

€ia (rs) = €15 [1+ 855 (rg)] ; b (rg) = €zp [1+24;, (rg)]
(A-26)

By inserting Eq. (A-26) in Eq. (A-24) and dropping small terms, a first-
order approximation is obtained:

Uy = }Io [1+ 1+ I - I;5] , (A-27)
where
~ 7 1 1/ ) A2
I, = N fﬂla (Wia/Wig) dV ( 8a)
o= g A (Win/Wap) aV (A-28b)
o= [(Bla+23p) WiaWip av/[wiswi, av . (A-28c)

The three latter integrals, which constitute the electronic gain-sensitive
part of the factor [I, are source-volume averages of the deviations of
limited regions of single-point-channel pulse-height spectra from the
whole-source spectra. In I; and I, these deviations are weighted in such

a way that the contribution from the most strongly deviating spectra -
from more distant points - is depressed. On the other hand, in I;, the
deviations are weighted more evenly, for points close to detector 1, which
have a large W]"a, W3b should be small, and vice versa. The relative
magnitudes of I; + I, and I;; should depend on the actual geometry; the
above weighting considerations would lead one to expect a net small posi-
tive contribution. (Similar considerations govern the gain-insensitive
part, Zo,which may be larger than unity by a substantial amount.) Note
that the intrinsic efficiencies W' necessarily change very strongly over

a source which is contiguous to the two detectors, since W' factors include
solid angles subtended by the detector at the source point, and still more
strongly due to absorption.



78

To sum up, the gamma-gamma coincidence ratio for a simple decay
scheme, extended source, and pulse-height selection in both channels can
be written symbolically as

Ca Cp
Cab

—

= N o (W) [1+T (4] + & (r;W)] (A-29)

where [Io(W;) is entirely independent of electronic gain, I (A ;) is a small
positive term consisting of three integrals which are weighted averages of
differences A{E:i' of channel electronic efficiencies over the source, and
T (r;, W;) is a small negative term which is mainly a function of ratios

r; of electronic efficiencies and of intrinsic efficiencies Wj.

III.

We now extend these remarks to include complex decay schemes,
in order to show that branching information appears in the factor & but
not elsewhere (this is primarily of importance in absolute assays of sources
whose decay scheme is not known with the required precision). For the
present discussion, we specifically consider gamma-gamma coincidences
as above; the situation is, however, entirely analogous for beta-gamma
coincidences.

Suppose that the daughter nuclide has m levels, and let the frac-
tional beta decay directly into each of these levels be denoted by pg, Pi---
Pm (including a possible ground-state transition). ILet the relative inten-
sity of gamma radiation connecting the ith and jth such levels be denoted
qij.- Note that, given nj branches in the decay of the ith level,

m nj
Z pi =1 2 qjj = 1 ZPiQij =1 . (A-30)
1=0 j::1 :

11j

Consider, now, the cascade r s —~0, for instance, and let counter
channel a be adjusted to count r - s and channel b to count s -0 gammas.
Again, let Wygy represent the intrinsic detection probability of counter a
for r —s radiation (point-source geometry is assumed, for the sake of
simplicity). We may now write down the channel count rates (neglecting
Compton-tail effects and sum effects):

Ca

m
Ne€rga Wrsa (1 - Wsoa){Pr + Z PiQia} ; (A-31a)

"~ 1
Ch = Nesob Wsob JLpsqso +(1-Wersb) lf% + E Pilib ;



. Cab = N€rga €s0b Wrsa Wsob {Pr + 2 pg Qiab} : (A-31c)
where
nj
Qia = gir (1-Wiza) + > aijajr (1-Wija) (1= Wjra) + (A-32a)
j=1
L 1'11 n
+ i 41595090z (1 - Wija) (L-Wipa) (1-Wgpa) + .0
)= (A-32D)
n
Qip = Qir (1~ Wipp) + }i 9ii9r (1= Wijh) (1-Wipp) + .00
j=1

Hi

Qiab = Uir (1 - Wipa - Wipp) + Z 919 {1 “Wia - Wijb)(l - Wira =~ Wirb) + ...
]l

(A-32c)

(levels are labelled from the bottom up, as customary).

We now may make use of relations (A-30) and write the coincidence

ratio

TrL T
( - Z’ SIEEEDY PiQiab) (A-33)
kfr i-T+1

Evidently, all branching information can be lumped in a correction term

[0
CaCp/Cap = N(1-T) ;
m

m
o = Wgoa T Z: Pk ~ Z PiRia ---- Q.E.D.
k7 r

i=r+1




80

Iv.

These various considerations may now be illustrated by applying
them to the physical situation described in the present report. The Mn®®
spectrum may for these purposes be simplified: all transitions to the
0.8-Mev level are lumped as one transition of approximately 2-Mev energy;
the relative strength of the direct beta emission to the 0.8-Mev level is
labelled p and hence the strength of all higher levels is (1 -p). Adopting
the designations 0.8 Mev = "2," 2 Mev = "1," and looking for "2'" with
channel b and for "1" with channel a, one finds count rates (from a point
source) in the above notation:

H
l dca ~ rt 1 H 1 1 -1
7 av (1-p) [Wia (1-Wza) €12 + WiaWoa€sal
1 dC}') . ' ' 1 i 1 1 T ¢ v
nav (1-p) [Wop, (1-Wip) €ab + Wip (1 - Wap)erh + WibWonEsh)
+ pWébEQb H
7
1 4Cap
T av - (1-p) WiaWibeiacsb

Hence, a coincidence ratio (from a point source)

dCadCy, ! | LW >
P A _0 T _ iy _ p
T}dVdCab (1 B} [1 Waa (1 rsa)] [l W 1b < 1 rgp + ____..WZb rish) + : _p}

= 1-3 3 o= Wy, + Wip ...

is obtained. Thus far, each detector was associated with one channel only.
The pulse-distribution scheme results in an input, into each channel, of a
mixed pulse-height spectrum, composed of the point spectra of both detec-
tors at some source point. The symmetric arrangement of the detectors
allows one, however, to consider two source points at a time, located sym-
metrically with respect to a central plane normal to the common axis
through the detectors. The combined spectra in each detector from two
such points are now identical and have 4 times the strength of the single-
channel-single-detector system discussed above. After integration (over
one-half of the source volume), one thus finds total source count rates
twice as strong as previously, and hence also twice the coincidence ratio.
No other differences result from the use of any count-rate-doubling pulse
distribution scheme. This conclusion will still hold for the whole-source-
coincidence ratio and count rates.




It may further be instructive to obtain a rough estimate of the
relative magnitude of the factor [i,, through which mainly the coincidence
ratio differs from the decay rate of the sample, for the source geometry
shown in Fig. 2 of the text. Let the whole source volume be split into
two annular regions V; and V, around each detector plus a "plug" V, be-
tween detectors. The intrinsic detection efficiencies may then be roughly
estimated in terms of average values over these regions as sums ZWijVj,
where Wy, = Wy, Wi = Wy, and Wy, = Wy < Wy,; furthermore, V; = V,.
This yields

Mo = (ZWiVi) (2WakVic)/(2Wqj Wai Vi) (Vo + 2Vy)

= Wy, vy [T+ (WioVo/W11V1) + (le/Wn)]Z/[ZWqu (WioVe/Wi V)] (Vo+2V,y)

Dropping the small terms,

2
- . Vo ) 1 WiV V7
Doy = | 0 4 —
w0 Vo+2V; WioVo

For the present case, V; ® V; further, W,; = W;,. With these rough
approximations,

#024/3

This value turns out to agree rather well with a scaling factor of 1.35 ob-
tained by calibration.

V.

We consider now briefly the corresponding case of beta-gamma co-
incidence. Once more, it will be expedient to restrict the discussion at
first to a simple decay scheme in which all beta transitions reach an excited
level of the daughter nuclide, and hence are in cascade with a single gamma
transition (see Fig. 49 for a simplified version of Mn®® decay scheme). We
specify that a photomultiplier is used in the beta channel; this photomulti-
plier may be coupled to a liquid scintillator containing the source, to a
plastic scintillator surrounded by the source, or simply exposed to the
Cherenkov radiation from the source. As a result of source activity near
some source point S with coordinate rg, a certain pulse-height distribution
develops at the anode of the multiplier; these pulses are put into the beta-
counting channel through an integral discriminator. The details of the
beta-particle energy to voltage pulse transformation are again of no specific
interest here; it is worth observing, however, that the nature of the beta
spectrum will cause a cutoff in the intrinsic efficiency which depends only
on which one of the three energy-into-light conversion mechanisms men-
tioned above is used: highest for Cherenkov radiation, lowest for liquid
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scintillator-distributed sources. Angular correlations are averaged out,
except for Cherenkov detection (which method anyway is not, as will be
demonstrated, capable of sufficient accuracy to warrant angular correla-
tion corrections).

0.848

c.as

SIMPLIFIED SCHEME

Fig. 49. Abridged Mn®® Decay Schemes

As before, we consider intrinsic and electronic detection efficiencies
separately. Let a beta decay occur in a small volume near point S of the
source:; the beta channel count then comes to

_ ! _ 1 1 ~ ! A1 H ! ! !
- v - Ve (1-Wyp) Cpp+ (1= Wpp) Wy €y + W W €y

(A-34)

The first term includes detection of the beta ray in the beta detector and
escape of the associated gamma ray; the second term escape of the beta
ray, but stopping of the associated gamma in the beta detector; the third
stopping of both radiations in the beta detector. For large beta-decay
energy and integral discrimination at low bias,

Seb = Cpp (A-35)

since the only difference in €:€5‘b and €'Sb could be due to those rare
events when beta detection alone does not yield pulses of sufficient
height to pass the discriminator. (Such events are rare when the
channel gain in the beta channel is large enough to bring pulses due to




a few electrons emitted by the photocathode past the discriminator and
when the beta-decay energy is high enough to yield more than this number
of photoelectrons from most beta particles stopped in the scintillator.)
Thus,

1 dc]!:) . i ) ! 1 1 1 g 6
s Wepepp 1+ [(1-Wgy) W}/bE“/b/W;Sbeﬁb]} (A-36)
to a very good approximation, subject to the stated conditions. The gamma
count similarly comes to

113G Wey €+ W Wi € (A-37
7 av ~ "va®va T YybpWsatsa )

The {irst term again comprises all gamma rays emitted by the point
source which were stopped and detected in the gamma detector, the second
those relatively rare events when the gamma is stopped in the beta detec-
tor, and the latter interaction - Compton scattering or pair production -
results in one or more secondary photons & which in the aggregate yield
a detectable pulse in the gamma channel. The second term thus involves
an inlegration over the beta detector. (In the same sense, the first term
may contain a small contribution from secondary radiation due to gamma
scattering elsewhere - the source holder, shield, etc.) A further possible
contribution to the gamma-channel count, from bremsstrahlung, may be
safely neglected as long as there are no media of high atomic number ex-
posed to direct beta radiation The coincidence count then comes to

_];dcab_ VVE e 1 ﬁ( v ' H [
Ay - WyaWebTyatpb T - Wep) WypWeaeypsa

3 ¥ Tt g
W WoaWepeoacap (A-38)

The point coincidence ratio in turn may be written, after some expedient
rearrangement and dropping of second-order terms, as

§ 1
e AT -
T dCup av 1+ A . (A-39)
A= [Wap (1-Whp)/Web] (eyp/epp) - (A-40)

The correction term A' can bemade negligibly small by increasing W;E%b as
much as possible, while keeping the scintillator volume small so as to
keep Wwi/b small. The value of Wig\,'b may be made large through good light
collection and photocathode conversion efficiency. The conditions specified
above, large beta~-decay energy and high channel gain, are, of course, most
important of all
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Proceeding again from the point source to the whole source, one
arrives, after some steps similar to the foregoing, at a coincidence ratio

P 1 ] N
CaChb [ WELe podV [/ WyacyadV + [ WypW5acha dV]
_(ﬁ =7 . (A-41)
a

- 1 1 1 - 1 1 1 1
J Wry awﬁbe'ya€ 5de + ) VV»beé aWﬁbE éaEfgde

In this expression, the small point-source correction term A' has been
dropped, in accordance with the foregoing discussion. Note, however, that
terms in €!_, which cancel to first order in Eq. (A-40), do not cancel in
Eqg. (A-—4l). For an extended source, it is therefore necessary to make
€éa small, which can usually be done through appropriate pulse-height dis-
crimination in the gamma channel (difficulties may arise only in cases
where there is a fairly complex decay scheme). With this further proviso,
the second terms in the numerator and denominator of (A-41) may be
dropped. Furthermore, recalling that the source volume Vg is relatively
small and that both intrinsic and electronic beta-channel detection efficien-
cies are large, the point-source beta count may be expressed, similarly to
the gamma-gamma case treated earlier, in terms of relatively small devi-
ations V' of the point efficiencies from the whole-source efficiency:

W;"Bb C[I%b = Wpep + v' (A-42)
where

n f Wébﬁ,éde = MWpeR Vg = NWyey (A-43)
and

Jjvrdav =0 . (A-44)

Inserting Eq. (A-43) in Eq. (A-41), and dropping small second-order
quantities, one finally obtains

C,Cp/Cap = N(1-k) (A-45)
k = (n/NepWpeaWy) § v'Wygeladv . (A-16)

If the gamma detector is not too close to the source, the variation
of the gamma-channel cfficiency over the source volume should also be
relatively small; we may then put

Wﬁ;ael),a = Woe, + A . (A-47)
Hence, Eq. (A-46) is replaced by

k' = (n/NWpepWaey) [ viatav . (A-461)



Thus, it is apparent that the correction k can be readily reduced to insig-
nificance, and an absolute measurement of the decay rate of any source
which meets the specifications discussed above is feasible with high preci-
sion through beta-gamma coincidence counting. More complex decay
schemes do not change this conclusion, as may be seen from the brief
exposition of such decay schemes for the gamma-gamma coincidence case.

To sum up, it has been shown that absolute beta-gamma coincidence
counting requires either (a) high beta-channel efficiency and low detection
efficiency of the beta detector for gamma rays, with a quasi-point source;
or (b) high beta-channel efficiency, low gamma-detection efficiency in the
beta detector, plus low detection efficiency in the gamma channel for
photons emitted through gamma interactions in the beta detector, and a
fairly uniform gamma detection geometry. Some of these requirements
may be redundant if others can be met to a high degree (for instance, if
V! can be made very small, A’ need not be very small, or vice versa)
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Appendix B
CORRECTIONS FOR DEAD TIME AND COINCIDENCE RESOLVING TIME

The matter of correcting the coincidence equations for dead-time
and resolving-time effects has been recently covered in the literature. We
present here, however, a somewhat simpler derivation of essentially the
same result, at least to first order; furthermore, the entire correction
evolves in one step.

In Fig. 50, we have illustrated the time relationships involved in
pulse events which require attention. First of all, events of higher order
(three pulses occurring in one dead-time sequence) are neglected. More-
over, we assume nice square pulse shapes. We also assume that DD-2
effects accentuated by a single-channel analyzer tend to wash out, that is,
pulses knocked above the window are compensated by pulses kicked down-
stairs (valid only in double differentiation mode). There are also complex
effects of pile-up on time of zero cross that are ignored. We will further
omit consideration of an accidental (or chance) coincidence being spoiled
by the dead time of a preceding pulse on the grounds that both of these
circumstances are in themselves to be kept to the order of 10% or less.
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HE} ] 1 1 {
% L ¥ .
: ' i ! i | i
i ! ' ! i
i i 1 | |
1 1 I ' ] t
t : ! [} ] {
: ' 1 : i { i '
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7 T I — —— pp—
i |_|._,_-_J}' r_1 Ll ..
§ [}
1 ! |
i |
: ! i | !
i i : !
1 ] ]
CH. 2 :"e’?"'] ! !

= A 0 I DR O

ACCIDENTAL COINCIDENCE COINCIDENCE SECOND COINCIDENCE

COINCIDENCE LOST NOT LOST SPOW.ED BY FIRST

Fig. 50. Timingof Events and Pulses Which
Lead to Gains or Losses in Coin-
cidence Count Rate

From an experimental point of view, the main item of interest is to
find a relationship between the disintegration rate N and the three counting
rates C;. We shall make use of known fixed dead times and resolving times,
and also find that we must know the channel efficiencies.




Let us define the following quantities:

Pi

= probability of an event being detected in ith

amplitude proper for ith discriminator

channel at

= probability of not detecting the p; event
= efficiency without regard to pile-up effect

= longest dead time K generally the discriminator or
otherwise imposed

= coincidence resolving time
= observed count rates
= probability of an event p; occurring during Gi

= true disintegration rate

1 - QiCi = dead-time loss factor (first-order approximation)

The following three equations are derived on the basis of Fig. 50:

6, >6,) (T:

C1=

CZ:

@
-
N

!

If we

=€) (6,56

py N - ppi(€) N = py N[1=-py(6)] (B-1)
pz N - pop; (62) N = p, N [1-p;(6,)] ; (B-2)

= N {Papz + [Pzﬁzpz(ﬂ)ﬁn + p;’;i;lpl(TZ)iSZ] - [plﬁzpl(él “T&)pz

+ p251p2(62 ‘TZ)Pl] = Pipzpl(el)})z} {1"P1P2(@12 - Qz)N}

may be rewritten as

(B-3)
set p; = €, and approximate p;(6;) as €;5;N, these expressions
€;,N(1 -€,6)N) =¢5,N (B-4)
EZN(]‘ = €292N) = (’.’:::;@:N 5 (B=5)

N{gez + [€:(1 - €,) a7 N(1-€;) + (1 - €;) €3T,N(1 - €,)]
-[e4(1 -€,) € (8, =T Ne, + €,(1 -€,) €, (6, =T,)Ng,;]

- 616,616 N} {€46,[1 - €,6;(6y, - 6))N]}

=€ ,€,N{l +N[(1 -, )(1 = YTy +75) - &(1 -&,)(60;,-7;)

=€ (1-€)(0;-7,) - 66,1} {1 -€e,N(0,;-6))} ; (B-6)
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and finally

C:C: %
— =N . : (B-7
- N AN e, )
where we define an effective gate time
Tg = (1-e)(1-e) (1 +7,) - 241 -€,)(6, - Ty) - &(1 -€,)(6, - T3)
- €,6,6, . (B-8)

It is important to note that the dead times are often the dominant
factor in the coincidence correction. In fact, by setting a rather long paral-
ysis it is possible to choose operating conditions such that the correction
factor tends to cancel; this is especially useful in that dead times are often
relatively easy to set and are relatively rigid. Omne should observe that
second-order effects have been neglected in both the numerator and denom-
inator of (B-7).

Let us examine some special conditions of operation. If Channel 1
has an efficiency close to unity, while the other channel is somewhat less,
then

C,C, . N 6,6,
Ciz {1 -N[&0; - (1 -€,)73]} 9,2

(B-9)

When the coincidence resolving time 7; K ©;, we then see that the
residual correction is chiefly the dead-time loss for the inefficient channel.
This important conclusion may be used with great advantage in
47 p-7y counting.

If both channel efficiencies are rather small, then

CiC; ~ N 6,6,
Ciz {LAN[(m+72) = €:6; - €,6,]} 8,

(B-10)

In this case the dead-time losses in the single channels are generally
small and the accidentals tend toc be offset by deadtime losses in the co-
incidence channel. Thus, the measure of relative chance coincidence must
be diminished by the effect of imposed paralysis, another feature which
may be used to advantage. In a repeating scheme such as reported here,

a deadtime > 4.1 Usec 1s required to avoid single-channel accidental
coincidences.

The above results agree in the first order with the more elaborate
formulae of Gandy,(gzlo) who has experimentally verified his work; e.g.,
there is only a 0.1% discrepancy in N for a 10% dead-time loss.



A computer program now needs to be provided only with three pa-
rameters for each isotope: the two dead times and the effective gate time,
although a more extensive code could be set up to make use of the daily
efficiencies computed by taking the coincidence rate and dividing by the
singles. In our situation, there are only small effects for modest changes
in the efficiency due to some change in experimental conditions.

Having wired in dead times of the order of 13 usec, we calculate
the following results:

For 2300 disintegrations/secj the correction factor 1s 0.7%, where
€, = 0.98, €, = 0.026, 7, = 0.125 usec. and T, = 0.275 usec; yet dead-time
losses in the high-efficiency channel would be 8.5%. We must use
Tg = -12.8 usec.

For the same disintegration rate but with ¢; = 0.042, ¢, = 0.092,
and 7, = T, = 0.09 usec, we have a factor of 0.7% when channel 2 loss is
1%:; here Ty = -0.155 usec

Note that ©,, = 0 if Qi =0,

89



90

Appendix C
LITERATURE SURVEY

MnS [3

Manganese-56 is a particularly useful radioisotope in absolute cal-
ibration of neutron sources. It has a convenient half—life(2,577 +0.003hr); 11)
a high thermal activation cross section (13.2 £+ 0.1 b), a resonance inte-
gral of 11.7 £ 1.5 b; (13) good solubility in water (520 g/1 as MnSO,); (14)
relatively high atomic density; a natural abundance of 100%(14) for Mn?%;
high-energy radiation in decay, and cascades adaptable to coincidence count-
ing. A monograph on the radiochemistry of manganese is available. (16)
The internal conversion coefficient is quite smallo(lF")

The decay scheme of Mn®® is presented in Fig. 1. Branching ratio
data among several 1nves‘c1ga’cors(3 18,19) giffer widely, so that any count-
ing requiring detailed knowledge of these ratios would be unlikely to ap-
proach 1% in precision.

Some research reports discussing the use of Mn®% are by De Juren
in absolute calibration of neutron sources; 20-22) Richmond and Gardner:(z-")

Geiger and Whyte;(34)Macklin;(Z4) and Axton and Cross in4m B countinga(2‘5)

Liquid Scintillation Counting

One of the primary sources of information of liquid scintillation
counting is derived from the 1958 Northwestern symposium. 26) Data con-
cerning the miscibility of organic salts (such as of manganese) may be
obtained from Loverid e;(5) from Packard Instrument Co. technical bul-
1etins;(6527) 1\/Iyers;(2'8 Ronzio;(zg) Horrocks;(30) and Hayesa(?’l) A use-
ful monograph on organic scintillation detectors has been written by
Schram.(32)

Absolute Counting

A recent and thorough discussion of absolute counting techniques,
especially coincidence methods, has been written by Gandy, 7) who includes
a comprehensive bibliography. Gandy has also written two articles pub-
lished in the "International Journal of Applied Radiation and Isotopes" ex-
haustively covering diode time and accidental coincidence corrections. (9. 10)
Some earlier significant works are by Steyn(33) on 47 B liquid s<:1nt111at10n/'y
coincidence calibration; Campion, 8) who uses a 47 proportional counter for
the B detector in coincidence with the Y channel;: and Putnam,(35) who
applies corrections for complex decay schemes. The International Atomic
Energy Agency has devoted an entire symposium to "Metrology of Radio-
nuclides": the proceedings are available in book form. (36)
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Appendix D
DATA COLLECTION AND PROCESSING

Data may be collected on either punched cards or transcribed onto
forms. The format for these operations is indicated in the accompanying
illustrations. Since there are factors which are common to either method
of data accumulation, certain parameters must be provided. Those which
are rarely changed are the dead times, coincidence gate time, decay con-
stant, and their respective errors, as well as probable error associated
with the counting time and decay time. Parameters associated with each
particular set of data are: data, sample withdrawal time, total number of
data points, backgrounds, and errors in the background values. Each count
must, of course, include identification, time counting started, counting time,
and total number of counts in each channel. When an irradiated sample
from the manganese bath is counted, pertinent information (in particular,
the withdrawal time) is recorded on a chart such as in Fig. 51.

If the counting results must be taken down by hand, then it is tran-
scribed onto a form such as in Fig. 52. The card types listed A, B, G, and
F follow the format of Fig. 53. Card types A and B list the fundamental
parameters; card G contains arbitrary identification of the problem set,
date, sample-withdrawal time, number of F cards following, format iden-
tification (for handwritten data), and backgrounds with error estimates;:
card F has the actual data taken directly from the scalers with the essen-
tial chronology. The form in Fig. 52 has space for aliquot volume and
other data characteristic of a particular run to be recorded, but this in-
formation is not carried over to the computer program.

Data automatically read out is punched directly onto cards of
type E, shown in Fig. 53. The cumulative time and count time are in
seconds. The "Code™ has two purposes: (1) The last three columns are
used to identify the channels in which the pertinent data are recorded, the
other three channels being ignored by the computer program. When, for
example, 126 is set into the code, then the machine program locks for A,
B, AB (or B, v, ,87) in that permutation of the three channels. (Z) The other
three columns (67, 68, and 69) can be used for any type of run identifica-
tion; such usage is indicated in Table III.

Since the cumulative time is obtained from a constantly running
meter which recycles every 100,000 sec, it is expedient to inform the
computer that the clock-meter correspondence is punched on card type D.
The meter can be reset to zero each day. Generally, for all the data ac-
cumulated in one day, it is necessary to put in one type C card advising of
a "clock change" forthcoming in a D-type card immediately following in
the deck. Accordingly, a typical stack of cards for automatic collection
of data might consist of the following: one each of cards A and B followed
by a C and D, and then any number of E cards. If a run with a different
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RE-73 8/27/63

Name of Run

Ra-Be Irradiation History

Date

TIME

DATE

ITEM INITIALS
Source inserted
Source withdrawn
Short collimator inserted
Long collimator inserted
Start pump
Stop pump
Liquid Level (Pump off)
Temperature
Liguid Level {Pump off)
Temperature
Add ml H,S0,
Add ml H,0,
Add ml H,S0,
Add ml H,0,
Draw sample 1
Draw sample 2
Draw sample 3
Draw sample 4
Draw sample 5

Check clocks ( = )

Returned samples to sphere

...........................................................

COMMENTS:
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sample of the same isotope made up from the same irradiation, then a new
C card and again any number of E cards may follow. It is not until there 1s
some change of parameter or background that cards A and B need be rein-
serted in the deck. Manual operation requires similar handling of the cards.

TABLE III

CARD PUNCH CODE

LiquidvyY Scintillation By Parameter
0 - - -
1 Testing Testing HV - 1 channel
2 Stability Stability HV - common
3 Parameter Evaluation Parameter Evaluation Gate width
4 Intercalibration Intercalibration Discriminator
5 BG BG Delay
) Concentration - -
7 A/F - -
8 N/F - -
9 Miscellaneous Miscellaneous Miscellaneous

SAMPLE NUMBER CODE: 34.xxxx

Manganese  : 0001-0999 {Mn Bath : 001-0099
Liquid ¥

Other Isotopes: 1001~ Rabbit : 0101-0199
Scintillation fy Rabbit : 0201-0299
Y% (Cold) : 1001
Y% (Hot) : 1002
Co® : 2001
Ni 63 : 3001
cl : 3501
Csl37 . 2501
A138 : 4001
Aut?® : 5001
Na? : 6001




In order to support the data obtained on cards and to provide sup-
plementary information, a "data summary" sheet (not shown) is maintained.
On this is written sample information, special variables, clock and running
time data, and comments.

A summary follows of the equations handled by the IBM 704 program
1198/!RE 258 (made up by G. Jensen of the Applied Mathematics Division).
Briefly, first-order corrections are applied for dead-time losses, coinci-
dence gains and losses, backgrounds, counting time, and decay time. A
typical output (for a single card of data) is reproduced in Fig. 54. The first
three calculations are of the corrected single-channel count rates at the
time indicated. N is simply the disintegration rate referred to the time in-
dicated. N(0) contains the value of N adjusted to the sample -withdrawal
time. The output also reports the counting efficiencies. To simplify plotting,
the errors are given in terms of their upper and lower limits. The computa-
tion of errors is actually one of the most useful features of the program. All
errors are given as probable errors (0.6745 x standard error). About
68 data cards (type E or F) may be processed per minute of machine time.

| 198/RE 258, DECAY CORRECTIONS FOR COINCIDENCE COUNTING
PROBLEM 34.0101, DATE 2.263, MANUAL FORM INPUT

BACKGROUND COUNT RATES/B(A) = [.58000, B(B) = 1.960C0, B(A,B) = 0.01800
N(A) CALCULATIONS
CARD NUMBER  TIME MEDI AN UPPER LIMIT LOWER LIMIT
I 1006. 0.1079E Oy 0.1079E oY 0.1C78E 0Oy
N(B) CALCULATIONS
CARD NUMBER  TIME MED1 AN UPPER LIMIT LOWER LIMIT
[ 1006. 0.2427E OY 0.2u28E OU 0.2426E CY
N(A,B) CALCULATIONS
CARD NUMBER  TIME MEDI AN UPPER LIMIT LOWER LIMIT
l. 1006, 0.5060E 02 0.85071€ 02 0.5050E €2
N CALCULATIONS
CARD NUMBER  TIME MED1 AN UPPER LIMIT LOWER LIMIT
I 10086, 0.5173E 05 0.5185E 08 0.5162E 05
N{(O) CALCULATIONS
CARD NUMBER  TIME MEDI! AN UPPER LIMIT LOWER LIMIT
[. 1C06. 0.9101E 05 C.9121E 05 0.9081E 05
EPSILON (B) CALCULATIONS
CARD NUMBER  TiME MED I AN UPPER LIMIT LOWER LIMIT
b 1006, 0.U691E-OI 0.4907E-01I 0.U476E-01
EPSILON (A) CALCULATIONS
CARD NUMBER  TIME MED! AN UPPER LIMIT LOWER LIMIT
I. 1006. 0.2085E-C! C.2298E-0I 0.1872E-01

Fig. 54. Typical Computer Results for
Mn>® Decay Corrections



Definitions
C; = total counts in Channel 1
te = counting time, sec
tp = decay time
Tr; = dead time for channel i, sec (i = A,B)
i = A, B, and AB or 3,7V, and £¥unless restricted to A,B only
Tg = coincidence gate time in seconds
B; = background for channel i
A = decay constant, sec™!
d( ) = probable error (0.6745 x standard error) for quantity in
parenthesis
Ny = disintegration rate computed
E(; = weighted mean of N
Wy o= weighting factor for jth value of Ny
A( ) = probable error due to Poisson statistics
&( ) = probable error due to propagation of systematic errors
Roi = uncorrected count rates
R; = corrected count rates
€; = channel efficiencies
Computations

Ri = Roi/(l - RoiTRj)

Roi = Ci/tc

RAB = RoaB - TgRARp

N; = M (Ri-B;)/(1- eDMC)
€a = Nap/Ng

€p = Nap/Na

N = NpNg/Nap

At
N, = Ne D

g(Ci) = 0.6745 \/ﬁii
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o(R;) = 9(Cs)/tc
0%(R;) = [0%(Roi) + R4 0?(TRi))/(1 ~Re; TRy)* ; (i=A,B)
o*%(Rpp) = 0% (RoaB) + (TgRoAROB)?

{lolrg)/7 g + [0(Rop)/RoaT + [9(Rop)/Rop T}
"My

o%(Nj) = o2(R;) +0%(B;) +02 (e

GZ(e-Ktc) = -2Mc {[nolte)P + [te (M}

Q

P

2
I

A2(N) + 62(N)

AZ(N) = NZ<Z€A€B - €A ~ER T l)/CAB

o
™
o
z
z
I

N*{[6(NL)/No? + [8(Np)/NBP + [6(NaAB)/NaABP}

52(N;) = 0¥(B;) + 0% (¢ te)

+62(Ry)

8%(Rpp) = (TgRoARoR) {[o(1g)/T* + [0(Roa)/Roa?
+[0(Rop)/Rop %}

6%(R;) = R¥; 0%(7TRi)/(1-Reji TRi)? (i=A,B)

o¥(e;) =A%) + 0%(e;)  (i=A,B)

A2(e;) =e2(1-€;)/Can

8%(cp) = [B(NpR)/NoBT + [6(Np)/NgP

6%(e [0(NAB)/NaBP + [6(Na)/NaT

o2(N,) = eZMD o?(N) + N2 GZ(JL'CD)

B

62(e™D) = AMD{[) oltp) P + [tp o (M)

4
i
-
\\
Q
AN
2
et

(D-10)

(D-11)

(D-12)
(D-13)
(D-14)
(D-15)
(D-16)
(D-17)

(D-18)

(D-19)
(D-20)
(D-21)
(D-22)
(D-23)
(D-24)
(D-25)

(D-26)

(D-27)

(D-28)

(D-29)



Appendix E
Mn®® DECAY TABLES

Because of the universal usefulness of Mn®® counting, some
computer-produced decay tables are included in this appendix (Tables IV
and V).

Table VI provides an estimate of the counting time required to ob-
tain an equal number of counts when several samples are being counted in
the same day. For example if the first sample yvields a certain number
of counts in 30 min, then it will require 34.5 min to obtain the same num-
ber of counts once again, 41 min for the third run, and so on. No provision
has been made for background counting or time for changing samples, etc
Table VI computations are valid only to a few per cent. One may inter-
polate for intermediate times.
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Mn56

Minutes

Oo.
10.
20,
30,
Lo,

50,
60,
0.
80,
90,

100,
110.
120,
130.
1ho.

150,
160,
170.
180,
190,

200,
210.
220.
230,
2ko,

250,
260.
270,
280,
290.

0

1.00000

95616
9142k
87416
83584

+ 79920
.T6L416
+T3066
59863
«66800

63872
61072
.58395
255835
«53387

.51046
48809
L6669
623
2667

40796
»39008
«37298
«35663
-34099

32604
« 31175
29808
.28502
27252

1

«99553
»91015
87025
.83210

79562
. T6075
«712739
69551
66502

63586
60799
«58133
55585
.53148

18590
A6h60
Llilios
L2lT6

JL061h
-38833
«37131
+35503
- 33947

.32459
.31036
+ 29675
«2837h
.27130

2

«99107
~9k763
.90608
86636
82838

79207
75734
o72h1h
.69240
6620k

.63302
250527
57873
.55336
« 52910

+50591
48373
Jh6252
k225
12286

JLol32
® 38660
236965
« 35344
«33795

«32313
30897
.295L2
.282L7
27009

3

-98664
94339
.90203
.862h9
82468

.78852
« 75395
» 72090
68930

.63019
60256
«5T6LL
.55089
«5267h

250364
L8157
L6045
L4027
12097

140251
e 38""87
36799
35186
+336lk4

.32169
« 30759
»20410
.28121
» 26888

TABLE IV

- At
e

L

.98223
« 93917
89800
.85863%
«82099

.78500
. T5058
»T1768
68622
65613

62737
59986

«5T357
»5L8L2
.521438

50139
JU47ol1
45839
11908

10071
38315
« 36635
«35029
-33493

32025
30621
29279

«27995
.26768

>

97783
93497
89398
85479
81732

.T8148
LTU723
Reallt i
68315
65320

62456
59718
+57100
«5U597
«5220l

119915
MTT27
L563L
L1363k
L1721

» 39892
. 38143
<3601
. 34872
33343

.31882
3048k
29148
27870
- 26648

6

97346
«93079
.868998
+85096
81366

«TTT99
~Th388
~T1127
68009
.65028

62177
59451
«568l45
54353
«51970

19692
L7513
45430
L3439
1534

<3974
«3T973
«36308
34716
. 33194

«31739
.303U8
29017
<2TTH5
«26529

A =

7

<96011
«92662
88600
BlU716
81002

#TTL51
. Th0O56
.T0809
67705
6LT3T

.61899
.59185
«56591
54110
251738

LokE9
L7301
5227
SL32hl
~113h9

+39536
« 37803
+3614h5
. 34561
»33046

31597
050212
28887
27621
«26410

0.0044829 min~

8

LO6LTT
299999
.88204
81337
-80640

.T7105
<T3724
. TOhO2
67ho2
6Lkl

61622
»58920
«56337
.53868
.51506

-Lgal8
.1s7089
15025
M3051
41164

39359
37634
35980
« 54406
32898

31156
«30077
28758
-2Th97
. 26292

1

9

- 960kL6
.91835
87809
.83960
80279

.T6T760
« 13395
. TOLTT
67101
64159

61346
- 58657
56085
«53627
.51276

19028
6879
.LuhB23
12858
-1#0980

39183
< 3TU65
.35823
.3k252
«32751

«31315
.299k2
+28630
2737
2617k

001



Mn56

Minutes

3000
310,
320,
330
340,

350
3604
370
380,
390.

Loo.
ko,
L20,
L0,
Lho,

450,
460,
L70.
L3o,
koo,

500,
510.
520,
530
5ho.

550,
560,
5706
580,
590.

0

- 26057
-24915
.23823
22778
.21780

.20825
.19012
.19039
.18204
1TL06

16643
.1591k
»15216
.14549
.13911

«133501
.12718
.12161
.11628
211118

+ 10630
.1016k
09719
09293
08885

08496
.08123
L7767
LOTheT
07101

1

.259h1
. 2480k
. 23716
22677
.21682

. 20752
19823
.18954
»18123
.17329

. 16569
~15843
»15148
~1hh8l
.13840

.132h2
12661
»12106
-11576
.11068

.10583
.10119
09675
09251
.088L4

,08l58
.08087
07733
<0739k
.0T7069

2

.25825
- 21693
23610
° 22575
.21585

« 20639
»1973h
186869
.180k2
L7251

. 16405
15772
.15080
L1hh19
13787

.13183
.12605
«12052
.1152h
»11019

.10536
1007k
09632
.09210
08806

08420
.08051
-07698
07360
07038

3

. 25709
.2L582
= 23505
22hTh
.21489

- 20547
.196L6
18785
.17961
«1717Th

.16421
15701
15013
<1355
13725

1312k
«125L8
.11998
J11h72
10969

.10488
.10029
.09589
.09169
08767

.08382
.08015
07663
07328
07006

TABLE IV (Contd.)

e

L

« 2559k
. 2hle7o
« 23399
. 223Th
«21393

. 20l55
19558
.18701
.17881
17097

16348
15631
-149L6
<14290
1366k

«13065
.12492
11945
11421
.10920

.104h2
0998k
09546
.00128
08727

.083L5
07979
07629
07295
06975

-rt

p)

.25480
.24363
« 25295
.2227h
« 21297

20363
19471
18617
17801
17021

- 1627h
.15561
11879
1207
« 13603

.13007
. 12436
,11801
11370
.10871

.10395
-09939
09503
09087
08688

.08308
~0Tok3
+07595
207262
L0694l

6

«25366
.2h2sh
« 23191
.2217h
.21202

20272
1938k
1853k
17721
. 1694

.16202
.150L01
.1u812
»114163
213542

.12948
.12381
.11838
.11319
.10823

.103h8
.09895
09461
.050L6
08650

.08270
.07908
07561
07230
~06913

\ = 0.0044820 min"

7

225252
. 2lhs
« 23087
22075
.21107

.20182
.19297
.18451
L176L2
.16869

.16129
.15k2o
1hT746
114100
~13481

.128%90
»12325
11785
.11268
.107T7h

.10302
.09850
.,00k19
09006
.08611

08233
07872
07527
07197
.06882

8

«25139
2037
.2298L
.21976
.21013

+20091
.19211
.18368
17563
16793

+16057
+1535%
11680
14036
213421

.12833
12270
L11732
.11218
.10726

10256
.09806
09376
. 08965
,08572

.08197
07837
Noygite))
07165
.06851

9

« 25027
+23930
+22861
.21878
« 20919

« 20002
«19125
.18286
17485
.16718

.15985
L1528
L1h61lk
<1397k
«13361

12775
12215
.11680
»11168
.10678

.10210
09762
0933k
08925
.08534L

08160
07802
LOTL60
.07133
~06820

101




Mn56

Minutes

600,
610,
620.
630,
6o,

650,
660,
670,
680,
690,

T00.
T10.
720,
T30
ThO,

750
760,
770.
780.
790

800.
810,
820,
830 ®
840,

850.
860,
870.
880,
890.

900,

0

06790
06492
06208
- 05935
05675

05126
05189
-0k961
<Ok Thl
-0L536

LOL33T
LOL1LT
-03965
03791
.03625

03L66
0331k
03169
03030
.02897

02770
02649
02532
02421
02315

.0221kL
~02117
.02024

.01935
.01850

01769

1l

-06759
.06LES
06180
-05909
.05650

~05402
.05165
-0L939
LOUT722
~0l515

~OU317
04128
03947
O3TTh
.03609

03450
+03299
«03155
.03016
.02884L

.02758
02637
02521
02411
02305

02204
-02107
02015

.01927
.01842

01761

2

06729
~06h3hL
06152
.05882
205625

05378
05142
-0k917
.ok701
0lh95

.0L298
.0k110
03930
03757
-03593

03435
.03284
03140
.03003
02871

-027h5
02625
.02510
02400
02295

02194
.02098
»02006
.01918
01834

01753

3

06699
06405
06125
05856
05599

0535k
05119
.04895
~OULTS

0279
,0L091
,03912
.03T7h0
03576

.03420
03270
.03126
.02989
.02858

02733
02613
02499
02389
.0228hL

.02184
02088
«01997
.01509
01826

20176

TABLE IV (Contd.)

e

L

-06669
<063TT
06097
.05830
0557k

«05330
«05096
0h873
.04659
L0lihss

LOU260
.0l073
03894
0372k
.03560

.03LoL
03255
«03112
.02976
.02846

02721
.02602
02487
-02378
.0227h

.0217h
.02079
.01988
«01901
201817

.01738

-t

5

06639
06348
06070
0580k
.05549

.05306
05074
0851
.0h638
.0likzs

.oh2ll
-0L055
03877
03707
«035h5

03389
032
-03099
02963
.02833

02709
.02590
.00L76
»02368
02264

02165
02070
+01979
.01892
.01809

01730

6

-06610
06320
06043
05778
05525

.05282
«05051
.0L829
04618
L0LL15

04222
~0LO3T
.03860
03690
03529

<0337k
03226
.03085
02949
.02820

02696
02578
02465

02357
02254

«02155
.02061
»01970
.0188L
.01801

01722

A = 0.0044829 min~|

7

.06580
.06292
.06016
05752
05500

.05259
.05028
.04808
04597
.0l396

04203
04019
.03842
L0367k
03513

-03359
.03212
03071
02936
02608

0268k
.02567
.02h5h
~02347
022kl

02145
.02051
.01961
.01875
01793

01715

8

06551
06263
.05989
05726
LO5hT5

.05235
.05006
~Oh786
LOL5TT
LOU3T6

04184
.04001
03825
.03658
.03497

.033hh
-03197
«03057
»02923
-02795

.02672
-02555
02hk3
.02336
0223k

.02136
.02042
+01953
.01867
-01785

01707

9

.06521
.06235
05962
05701
05451

05212
04983
~OUT65
~Oh556
~Ol356

0L165
.03983
03808
03641
03482

.03329
.03183
.03043
-02910
.02782

02660
025l
021432
.02326
02224

.02126
02033
.019LL
01859
LOLTTT

.01699

20T



Mn56

Minutes

00,
10.
20.
30
Lo,

50,
60,
T0.
80,
90,

100,

Mn56

Minutes

10,
20,
300
Lo,

50,
60,
T0.
80.
90.

100.

0

1.,00000
1.04585
1.09380
1.14395
1.19640

1.25125
1.30862
1.36862
1.43137
1.49700

1.56563

o

22,8108
11.6610
T.OU68T
6,09168

k98006
L, 2koo2
3,71282
3,31820
3,01209

2.76793

1

1,004h9
1.05055
1.09871
1.,14909
1.20177

1.25687
1.31450
13777
1.k3780
1.50572

1.57267

1

223.575
20,7832
11.1302
T+ T0738
595604

k80296
3.66831
3.28h1L
2,98522

2,T7h622

2

1.00901
1.05527
1.10365
1.15425
1.,20717

1.26252
1.32041
1.38095
1.klh26
1.51048

1.57973

2

112,036
19,0937
10,6478
T.48289
5,82687

L ,80921
b,1210%
35,6250l
3,25093
2.95895

2.72493

3

1.0135h
1.06001
1.10861
1.150L4
1.21260

1.26819
1.3263L
1.38715
1.45075
1.51727

1.58683

3

Th.8582
17.66k1
10,2073
T+27202
5.70373

k72865
b, 06430
3458297
3.21853
2.9332h

2,70L0T

TABLE V-A

[N
e

L

1.01809
1.06477
1.11359
1.16465
1.21805

1.27389
1.33230
1.39338
1.hs5727
1.52408

1.59396

TABLE V-8B

/(e

L

56.2692
16,4388
9.80355
7.07358
5.58620

4,.65108
k00934
3,5L205
%,18690
2,90810

2,68%62

5

1.02267
1.06956
1.11859
1.16988
1.22358

1.27962
1.33828
1.39964
1.k6382
1.53093

1.60112

p

15,1160
15,3769
9.4321h
6.88650
5.47391

L. 57634
3.95609
3450223
3415603
2.883h9

2,66356

6

1.02726
1.07436
1.12362
1.1751k
1.22002

1.28536
1.3h30
1.40593
1.47039
1.53781

1.60832

6

37.6806
1k k7o
9.08933
6.70983
5.36652

k50429
3.90lLT
3. 46347
3.12588
2.859h0

2.64388

A

7

1.03188
1.07919
1.12867
1.180L2
1.23hs5h

1.2911h
1.3503h
1.h1205
1.h7700
158072

1.6155h

» = 0.0044820 min~

7

32,3698
13,6281
8. 77194
6,527k
5,26371

b b3k78
3.85439
3, 42572
3,006LL
2.83581

2.62459

0.0044829 min~"

8

1.03651
1.08kok
1.1337h
1.18572
1.24008

1.29694
1.356L0
1.41859
1.48364L
1.55166

1.62280

8

28,3868
12,8995
8.47725
6,38L45
5,16521

k.36768
3,80580
3.588095
3.06768
2.,81272

2.60565

9

1.04117
1.08891
1.13883
1.19105
1.24566

1.30277
1,36250
1.b2kgt
1.49030
1.55863

1.63009

9

25.2889
12,2476
8.20290
6.23430
5.0707h

L,30286
3.75863
3035312
3.03956
279009

2,58707

€01



Mn56

Minutes

00,
10,
20,
30

°

50.
60,
T0.
8o,
90,

100,

0

1.00000
1.02258
1.04550
1.06875
1,09234

1.11626
1.14051
1.16509
1.19001
1.21526

1.2408Mk

1

1.00226
1.02h86
1.04781
1.07109
1.094TL

1.11867
1.1h4295
1.16757
1.19252
1.21780

1.243541

2

1.00450
1.0271k
1.05012
1,0734h
1.09709

1.12108
1.145h0
1.17005
1.19503%
1.220%5

1.24599

TABLE V-C

xt/G—é“)

3

1.00675
1.020k2
1.052hh
1.07579
1.,09048

1.12350
1.14785
1.17253
1.19755
1.22290

1.24857

L

1.00900
1.03171
1.05L76
1.0781k
1.10186

1,12592
1.15030
1.17502
1.20007
1.225h5

1.25116

5

1.01125
1.03400
1.05708
1.08050
1.10k25

1.1283h
1.15276
1.17751
1.20259
1.22801

1.25375

6

1.01351
1.03629
1.059h41
1.08286
1.10665

113077
1.15522
1.18001
1.20512
1.23057

1.2563h

7

1.01578
1.03859
1.,0617k
1.08523
1.10905

1.13320
1.15768
1,18250
1.20765
1.23313

1.25894

0.00u4829 min"

8 9

1.0180k  1.,020%1
1,04080 1.0L319
1.06407  1.06641
1.08759  1.08996
1.113k5  1.11385

1.13%63 1.13807
1.16015 1.16262
1.18500  1.18750
1.21018  1.21272
1.23569  1,23826

1.26153  1.2641h

Y01



TABLE VI

COUNTING TIME* TO OBTAIN EQUAL
NUMBER OF COUNTS: Mn®

initial counting interval

starting time of initial counting interval

starting time of nth counting interval

counting time required starting at t, to obtain

equal counts as obtained in Aty at tg

Mty [equ G _e—xéqﬂ

Aty
5 10 15 20 25 30 10 | 50 | 60
tn
30 5.3 | 10.3 | 17.2 | 23.5] 28 34.5 | 46 | 58| 70
60 6.5 | 12.2 | 20 26.5 | 33.5 | 41 54 | 68| 83
90 7.3 | 15.5 | 23 31.2 | 38.5 | 47 63 | 79 | 97
120 8.5 | 17.5 | 26 35.5 | 45 54 73 | 95 | 116
150 | 10 20.5 | 30.5 | 41.5 | 52 63 86 | 112 | 139
180 | 11.3 | 23.2 | 35 48 61.5 | 74 102 | 133 | 169
210 13 27 40.2 55.5 71 87 121 162 208
240 | 15 31 47 65 83 103 142 | 199 | 263
270 | 17 35.2 | 55 76 97.5 | 122 178 | 251 | 351
300 | 19.5 | 40.5 | 64 89 117 148 222 | 321 | 537
330 | 23 48 75 106 140 181 284 | 483
360 | 25.5 | 55.7 | 88 126 169 223 388

*All figures in minutes
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Appendix F
SAMPLE PREPARATION

We present next an outline of procedures used in preparation of
samples for intercalibration. The chief effort is directed towards prepar-
ing a set of liquid scintillator and 2-liter samples which may be reproducibly
compared on the basis of delivered aliquot. A delicate balance has been
reached so that the entire procedure is fully compatible. A short irradia-
tion time in the CP-5 rabbit is necessary to avoid enhancement of high-
energy neutron reactions; at the same time, the sample must not be too hot
to handle by ordinary procedures. Only a small amount of powder may be
irradiated in order to maintain a dilute (=2.5 g/l) solution of high specific
activity. Some peroxide and sulphuric acid must be added to retard the
Szilard-Chalmers process. (An excess of SOz ion is made available, and
MnO, already formed is prompily and efficiently reduced by the H,O,; this
1s a very important step in attaining reproducibility.)

Alcohol must be mixed in a high proportion with the aqueous solu-
tion in order to encourage the manganese-water molecular systems to re-
main in the liquid volume rather than to atitach by surface tension effects
to the walls of glassware, especially the scintillation vials. One effect of
adsorption is to reduce geometry to 27 for a large fraction of the active
manganese,

The solution is dispensed at a 1~-ml capacity ultra-microburet,* and
care is taken to maximize relative delivery accuracy. Normally, three
scintillation samples are made up with about 50 A of solution, and about
100 A are given to the three 2-liter samples of water. These are the only
guantitative steps required. The exact solution delivered is recorded to
the nearest 0.1%, and the volume of the water sample is 2.000 t 0.0005 liters
by a thin-neck volumetric flask

Preparation of these 6 samples requires about 1—;- hr and cleaning
of glassware an additional 13 hr.

Preparation of Mn®*® Samples

A. Irradiation

1. A Teflon vial is cleaned with doubly distilled H,O and dried
with acetone (CP).

2. 25t 5 mg of MnSO, H,0 powder (CP) into the Teflon irradia-
tion vial.

*Gilmont Ultramicro Buret, Manostat Corporation, 26 N. Moore St.,
New York 13

®



3. The sample is irradiated at CP-5 rabbit at 6 AM + 1 hr for
20 + 5 sec on day of use.

4. The vial is brought to D-316 by Special Materials handlers
by ~9:30 AM.

5. The vial is checked with standard meter and the dilution factor
determined (to yield ~10* d/s in liguid scintillator at ~11:00 AM). Present
dilution formula is 18.8 ml:120 mr = x ml: daily reading in mr @ ~9:30.

B. Liquid Scintillator

1. p-dioxane scintillator consists of 1000 mg naphthalene(CP),
100 mg PPO (scintillator grade) and 10 ml p-dioxane (CP).

2. Cells are cleaned by rinsing with ethanol, washing in soapy
H,O, triple rinsing with distilled H,0O, and dried with ethanol.

3. MnS0O,; H,0 powder emptied into ~10 ml distilled H,0 (accord-
ing to dilution factor) with 12 (drops/100 ml) of conc H,SO, and 12 drops/
100 ml 30% H,O,.

4. 2 ml of MnSO, H;0 solution mixed with 10 ml of ethanol.

5. Ultra-microburet tip is coated with silicone grease. Start of
delivery is alwavys based on liguid at tip with dial cranked several turns
in ejection direction in order to take up gear slack. End of delivery is
based on retrieval of solution from tip to midway up capillary tube and
then return to tip again to take up gear slack. Interpolate 0.05 A on dial
reading.

6. Solution drawn into 1 ml capacity ultra-microburet should be at
least 100 A beyond calculated total delivery volume; the first 50 A are dis-
carded, and then ~50 ). are delivered into each liquid scintillator vial (al-
ready filled with p-dioxane scintillator).

7. Vial is topped off: ~11.8 ml scintillator total.
8. Usually 3 samples are made up.

9. Allow at least 2 full days to lapse before reusing vials: old
solution can be dumped into drain after 1 or 2 days.

10. Care must be taken not to draw solution from region mercury
sulfate formed in ultra-microburet.
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C. Two-liter Sample

1. A two-liter polyethylene, bottle is washed in distilled H,0 and
dried with acetone (CP). Allow at least 2 full days to lapse before reusing
a bottle.

2. Add a total amount of water determined carefully from a
standard volumetric flask to be 2.000 T 0.0005 liters of distilled H,O +
12 drops each H,SO, and 30% H,0, at 70-78°F.

3. ~100 A are delivered from ultra-microburet into partly filled
100-ml beaker, using the same delivery techniques as in liquid scintillator
sample. The solution in the beaker is then poured into the polyethylene
bottle, and the beaker is rinsed 10 times with H,O solution. The remaining
H,O solution is used to fill bottle.

4. The solution is thoroughly mixed in bottle and placed in an acid
basket for toting.

5. Usually 3 samples are made up.
6. Old solution can be dumped into drain after 1 or 2 days.
7. Care must be taken not to draw solution from region where

mercury sulfate has formed in ultra-microburet.

&




[

6.

10.

11.

REFERENCES

R. D. Edge, Neutron Experiments with a Sensitive Szilard-Chalmers

Detector, Austral. J. Phys., 9, 429-435 {1956).

D. C. Borg et al., Selective Radioactivation and Multiple Coincidence
Spectrometry in the Determination of Trace Elements in Biological

Material - Measurement of Manganese, Intl. J. Appl. Rad. and Iso.,

110, 10-29 (1961).

P. Kienle and R. E. Segel, Decay of Co%® and Mn®®, Phys. Rev. 114,
1554-1560 (1959).

K. E. Plumlee and M. T. Wiggins, Automatic Foil Activity Counting
Facility and Data-~reduction Program, ANL-6628 (Oct 1962).

B. A. Loveridge and A. M. Thomas, Liquid Scintillation Counting of
Aqueous Solutions, AERE-R2942 (1960).

D. L. Horrocks, Liquid Scintillation Counting of Inorganic Radioactive

Nuclides, Packard Technical Bulletin, Packard Instrument Co.,

LaGrange, I11. (March 1961).

A. Gandy, Pre/paration et € talonnage des sources radicactives de

refere/nce, International Atomic Energy Agency, Vienna (1961).

P. J. Campion, The Standardization of Radioisotopes by the Beta-
Gamma Coincidence Method Using High Efficiency Detectors, Intl.

J. Appl. Rad. and Iso., 4.232-248 (1959).

A. Gandy, Mesure Absolue de l'Activite/des Radionuclides par las
Méthode des Coincidences Béta-Gamma & 1'Aide de Détecteurs de

Grande Efficacité. Etude des Coincidences Instrumentaks, Intl. J.
Appl. Rad. and Iso., 11, 75-91 (1961).

A. Gandy, Mesure Absolue de 1'Activite des Radionuclides par la
Méthode de Coincidences Béta-Gamma a 1'Aide de Détecteurs de
Grande Efficacitd- Corrections de Gemps Morts, Intl. J. Appl. Rad.
and Iso., 13, 501-513 (1962).

B. S. Dzhelepov and L. K. Peker, Decay Schemes of Radioactive
Nuclei, Academy of Sciences of the USSR Press, Moscow (1958)
(In Russian).

109



110

12,

13.

14.

15,

16.

17.

18.

19.

20.

21,

22,

23.

24.

25,

J. W. Meadows and J. F. Whalen, Thermal Neutron Absorption Cross
Sections by the Pulsed Source Method, Nucl. Sci. and Eng., 9, 132-136
(1961).

V. B. Klimentov and V. M. Griazev, Some Neutron Resonance-
Absorption Integrals, J. Nucl. Energy, 9, 20-27 (1959).

C. D. Hodgeman, (Editor), Handbook of Chemistry and Physics,
Chemical Rubber Publishing Co., Cleveland, Ohio (1958).

Strominger et al., Table of Isotopes, Rev. Mod. Phys., 30, 585-904
(1958).

G. W. Leddicotte, The Radiochemistry of Manganese, National
Academy of Sciences (NAS-NS-3018) OTS, Wash., D. C. (1960).

M. E. Rose, Internal Conversion Coefficients, North Holland
Publishing Co., Amsterdam (1958).

Cook, C. Sharp, Gamma Radiation Following the Decay of Mn®® and
the Energy Levels of Fe”°®, Nucl. Phys., 7,480-487 (1958).

L. V. Groshev et al., Investigation of Gamma Rays Emitted from
Vanadium, Manganese, Cobalt, and Aluminum Nuclei after Thermal
Neutron Capture, Atomnaya Energiya, 3, 187-203 (1957).

J. A. DeJuren et al,, Absolute Calibration of the National Bureau of
Standards Photoneutron Standard: I, J. Research Natl. Bur. Standards,
55, No. 2 (Aug 1955).

J. DeJuren and J. Chin, Absolute Calibration of the National Bureau of
Standards Photoneutron Standard: II. Absorption in Manganese Sul-
phate, ibid., 55, No. 6 (Dec 1955).

R. Caswell et al., Recent Developments in Neutron Source Standardi-
zation, Symf;oé_i_um on Neutron Detection, Dosimetry, and Standardiza-
tion, Paper SM-36/80 (International Atomic Energy Agency
Symposium held Dec 1962 at Harwell, U. K.).

R. Richmond and B. J. Gardner, Calibration of Spontaneous Fission
Neutron Sources, AERE R/R 2097 (1957).

R. L. Macklin e_t:a_l_., Manganese Bath Measurements of 7 of U?*3 and
U5, Nucl. Sci. and Eng., 8, 210-220 (1960).

E. J. Axton and P. Cross, The Establishment of an Absolutely Cali-
brated Neutron Source, Reactor Science and Technology, 15, 22-27

(1961).

£



26,

27.

28.

29.

30.

31.

32,

33.

34.

36,

37.

C. G. Bell, Jr. and F. N. Hayes, (Editors), Liquid Scintillation Count-
ing, (Proceedings of a conference held at Northwestern University,
August 20-21, 1957), New York, Pergamon Press (1958).

E. Rapkin, Liquid Scintillation Measurement of Radioactivity in
Heterogeneous Systems, Packard Technical Bulletin, Packard Instru-
ment Company, LaGrange, Illinois (July 1960),

L. S. Myers and A. H. Brush, Counting of Alpha and Beta Radiations

in Aqueous Solutions by the Dectergent-Anthracene Scintillation Method,

UCLA-484 (July 28, 1961).

A, R. Ronzio, Metal Loaded Scintillator Solutions, Intl. Jour. Appl.
Rad. and Iso., 4, 196-200 (1959).

D. L. Horrocks and M. H. Studier, Determination of the Absolute
Disintegration Rates of Low Energy Beta Emitters in a Liquid Scin-
tillation Spectrometer, Anal. Chem., 33, 615-620 (1961).

F. N. Hayes, Liquid Solution Scintillators, LA-1639 (May 12, 1954).

E. Schram and R. Lombaert, Organic Scintillation Detectors. Count-
ing of Low-energy Beta Emitters, Elseview Publishing Co., New
York (1963).

J. Steyn and Haasbroek, The Application of Internal Liquid Scintilla-
tion Counting to a 47 -y Coincidence Method for the Absolute
Standardization of Radiocactive Nuclides, Proc. 2nd UN Intl. Conf.

on Peaceful Uses of Atomic Energy, Geneva, Switzerland, 21, 95
(1958).

K. W. Geiger and G, N. Whyte, Absolute Standardization of Radio-
active Neutron Sources, I, Activation of Manganese Bath, Can. J.

Phys., 37, 256-262 (1959).

J. L. Putman, Limitations and Extensions of the Coincidence Method
for Measuring the Activity of £V Emitters, AERE-I7M-26 (1953),

Metrology of Radionuclides, International Atomic Energy Agency,
Vienna (1960).

G. D. O'Kelly, (Editor), Applications of Computers to Nuclear and
Radiochemistry, Proceedings of a Symposium, Gatlinburg, Tenn.,
October 1962, NAS~-NS-3107, Office of Technical Services, Dept.
Commerce, Washington 25, D. C.

111



112

38.

39.

R. J. Epstein, Proceedings of "Argonne Accelerator Users' Group
Meeting," Argonne National Laboratory, Argonne, I11., Nov 9-10,
1962, p. 28.

E. Fairsteinit _a;l_., A Pulse Crossover Pickoff Gate for Use with a
Medium-speed Coincidence Circuit, ORNL-2480 (1958).




113

ACKNOWLEDGMENTS

The authors are indebted to a large number of the personnel of the
Reactor Physics Group, both staff and technicians, for assistance in this
project. Some of those closely involved are Fred Ozer and Mike Fontana,
who operate the equipment daily; June Hamilton, who prepares the active
samples; Vic Burke and Gerry Lowe, now no longer with this project;
Ed Kimont, who provides able direction of manpower; Clare Kotora, in
charge of shop construction; Roland Armani, who is cooperating in an
intercomparison program; the late Stephan Kaufmann, who had always
encouraged the authors' endeavors; and the many staff members who have
helped with irradiations of samples in times of need: Karl Plumlee, Ed
Bennett, Jack Haugsnes, and Quincy Baird,

Very valuable advice and some samples of low-energy beta emit-
ters have been given freely by Don Horrocks of the Chemistry Division,

Jerri Jensen of Applied Mathematics Division is responsible for
programming of the coincidence equations and following through on the
reams of data which have passed through her hand, first in the form of
raw data and back to the authors in the form of neat results.

We also take this opportunity to express our appreciation to Bill
Kaiser's group for packaging NalI(T1) crystals and providing phototubes.





