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by
Kenneth Lynn Hall

ABSTRACT

The objectives of this researchvmrefm assemble
the necessary apparatus and establish vrocedures for the
accurate measurement of (d, «) reaction cross sections,
and to apply these techniques to determine several cross
sectilons using the 7.8 lev deuterons from tae University
of sichigan cyclotron.

The measurement involved the bombardment of tirin
targets, subsequent cnemical separation of the rprocuct
nuclei, and deteriination of the zosolute disintezration
rdte of the B-ray emitting products. To obtain trie
irraciations a boubardment chamber was desizned and dnstalled

as an integral part of the cyvclotron vacuwr system. The
deuteron Leuwm was stouped in a Faraday cup, after traversing
the target. The beam current was measured oy means of a
current integrator which was built for tiis work. -~ metal
evaporator was assembled for uée in fabricating thiin targets.
1fter boubardment, the targets were aissolved, and © e low

.

vield (d, «) reaction products were chenically senarated

. Y

from relatively large amounts of (d, n) and (a, p)} radio-

-

active products. This wss achieved without the adiition of



Ad

inactive carriers in the case of three of the four elements
studied. absolute counting of the. separated products was
accomplished by application of the technigues of v
proportional counting.

The experimental (d, ¢) reaction cross sections for

the formation of the isotopes indicated are:

ra<: o= 0.094 I 0.004 barn at 7.2 X 0.1 Mev
fa <k, o = 0.151 X 0.006 barn at 7.5 % 0.1 bev
P32: g = 0.3 0.2 barn at 7.7 I C.1 Lev
~,1+6 - s + . . oA g -

3¢ o = 0.00044 - 0.00033 barn &t 7.0 ~ 0.8 Lev

J ‘ ,

T.2-nr 2z7%%: 5 = 0.0017 % 0.0002 barn at 7.5 0.1 vew
agtl?, o = 0.00049 2 0.00002 barn at 7.2 & 0.1 hev
agtid. o = 0.0004 < 0.00004 barn at 7.8 & 0.1 iiev

The errors quoted are estimated standard deviations. The

L LE ; : - . : :
result for 504 quoted above is an average of two determinations
wilch differed from one aiiother by « factor of four. The half-

. . 2 - . . ,
life of na b was evaluated by the method. of least sguares and

N . - -+ 5 ~ B - 3
founa to be 14.93 - 0.04 hours. separated isotopes were bom-
carded to wssizn the 27-minute and the "l.2-hocur" periods in

silver to Agloh.
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ABSTRACT

The objectives of tiais research were to assemble
the necessary apparatus and establish procedures for the
accurate measurement of {(d, a) reaction cross sections,
and to apply these techniques to determine several cCross
sections using the 7.8 Mev deuterons from the University
of Michigan cyclotron.

The measurement involved the bombardment of thin
targets, subsequent chemiecal separation of the product
nuclei, and determination of the absolute disintegration
rate of the B-ray emitting products. To obtain the
irradiations a bombardment chamber was designed and installed
as an integral part of the cyclotron vacuum system. The
deuteron beam was stopped in a Faraday cup, after traversing
the target. The beam current was measured by means of a
current integrator which was built for this worke A metal
eévaporator was assembled for use in fabricating thin targets.
After bombardment, the targets were dissolved, and the low
vield (d, a) reaction products were chemically separated
from relatively large amounts of (d, n) and (d, p) radio-
active products., This was achieved without the addition of
inactive carriers in the case of three of the four elements
studied. Absolute counting of the separated products was
accomplished by appliecation.of the techniques of lar
Proportional counting,

The (d, a) cross seetions for the formation of Na22

xiii



and Nazh were.determiﬁed to be 0,094 2 0,004 and .

0.151 t+ 0.006 barns respectively at 7.8 £ 0.1 Mevi The
errors quoted are estimated standard deviations. Less
accurate data were obtained for the Previously unreported

(d, a) cross sections for the formation of P32, Sché,

n1.2-hour® AglO¥, Ag?ll) and 4g 12, The half-life of Na2k

was evaluated by the method of least squares and found to
be 14,93 t 0.04 hours, Separated isotopes were bombarded to

assign the 27-minute and the "l,2-hour" periods in silver

to Agloh.
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PART I: ABSOLUTE (d,alpha) REACTICN CROS3 3LCTIONS

INTRCDUCTION

The study of thne ?roperties of the nucleus and of the
reactions which it may undergo has received an enormous
amount cf attention during the past two decades, and it
appears tnat the fi«ld will continue to increase in popu-
larity at an even greater rate than it has in the paste.
Thus the expenditures of the United 5States Atomic Energy
Commission have quadrupled since 194&, (1) and in seven
years the dollar volume to be spent on nuclear reactors
is predicted to undergo a tenfold increase. (2) Particle
accelerators are fairly common on college campuses nowadavs
(3) so twat high energy sub-atomic pro‘ectiles are avail-
able to many workers for tne purpose of producing radio-
active species for study or application, or for the purpose
of investigating the details of the reaction between the
frojectile and the nucleus.

In speaking of nuclear reactions one of the important
questions to ask is "iv/hat will the yield of a certain
nuclear species be if bombarded under a given set of con-
ditions?" In the field of reactions between molecules the
organic chemist is similarly concerned with the chemical
yvield, i.e., the percentage of the starting materials which
react to give a specifiie product among the various by-
trod:cts which are produced in tne same reaction mixture.
Fursuin; this analogy a little further, the rate of pro-

duction of a ziven chemical species is many times expressed

-1-
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in terms of the conceﬁtration of the reactants, and a rate
constant characteristic of the reaction. AAsimilar situation
exists in the reactions between nuclei and high energy bom-
barding particles, with the important dif ference that in this
case equilibrium conditions do not exist and the reaction
must be discussed in terms of individual collisions. The
rate.of production of a given nuclear species is expressed
in terms of the "concentration" of nuclei and incident par-
ticles, and a constant of proportionality characteristic of
the reaction (ecf. thé rate constant for chemical reactions).

This constant is known as the cross section and it may be

defined as the probability that a given nuclear reaction will
occur. There may be several possible courses for the reaction
to follow (as in the chemical case), but the cross section
usually refers to only one.

| Just as in writing chemical equations a nuclear reaction
may be written with the reactants on the left and the pro-

ducts on the right:

Te122 + d = 5p1°0 & a

In words, this means that one nucleus of tellurium-122
reacts with a deuteron and a nucleus of a new element,
antimony-120, is produced with the release of an alpha
particle. A shorter notation is usually preferred, so that

the above reaction is written as

120

Tel22( 4, o) Sb120,
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These symbolizations refer to a single event {(c¢f. chemical
equations where each symbol refers to one mol). The heats
of nuclear reactions are tremendous when compared with
ordinary chemical reactions. Thus the "J" for the above
reaction is exothermic by 9.0 Mev per nucleus, or 2.lx1011
cal/mol.

Rate constants for chemical reactions are dependent
upon the temperature of the reactants. Remembering that
temperature may be related to the mean kinetic energy of
the molecules, a change in the temperature produces a
change in the average energy with which the réacting
molecules collide. Thus the rate constants may be said
to depend upon the mean collision energy. The nuclear
case is analogous in that the cross section is a function
of the energy of the incident particle. A graph exhibiting

this dependence is called an excitation function.

There have been many studies of tnese functions carried
out during the past two decades. In 1944 Clarke and Irvine
(L) presented a bibliography of experimental excitation
functions produced Ly cyclotron accelerated deuteronse.

The Neutron Cross Section Advisory'Group of the Atomic
Erergy Commission (5) has more recently compiled neutron
excitation functions and thermal neutron cross section
data. A program is currenﬁly underway at Los Alamos under
the direction of R. F. Taschek (o) to assemble the existing

experimental charged particle cross sections. Many of the

excitation functions appearing in the literature have been
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in terms of relative values of the cross section; as the
shape of the curve was the main object of interest. Some-
times an avbsolute scale has been established by normalizing
the relative curve to one point which is an absolute cross
section at a particular energy. Other times each point

was determined absolutely.

Less attention has been devoted to the careful measure-
rent of absolute cross sections at an accurately known energy,
especially for low-yield reactions such as the (d,a), (psa),
(d,¥), etc. This may be due in part to the experimental
difficulties attendant in these measurements. The present
work is concerned with such absolute determinations for
the {d,a) reaction using 7.8 Mev deuterons of the University

of Michigan cyclotron.



STATEMENT CF THE FPROBLEM

The objectives of this researéh were (a) to set up
the apparatus and establish procedures by which absolute
cross sections may be routinely determined with an overall
accuracy of ~, per cent, and (b) to apply these techniques
to the measurement of the (d,a) cross sections of several

nuclei.



DESCRIPTICN OF APPARATUS

A. Bombardment Chamber

The 42 inch University of Michigan cyclotron produces
7.8 Mev deuterons in high intensity beams. The external
beam is as great as 100 microamperes just beyond the
deflector. An additional system was installed within the
last two years to bring the deflected beam out to a "scat-
tering chamber" via a focusing magnet, and finally tnrough
an analyzing magnet to a detector. The layout of the cyclo-
tron vacuum system as it now stands is shown schematically
in figure 1l. It was known that the nuclear chemistry group
was to have a bombardment chamber incorporated into the
system and it fell to the writer to design, test, and install
the chamber. It was to be placed somewhere between the two
magnets F and X. 3Simple geometrical considerations demon-
strated that to take advantage of the focusing magnet the
chamber must be behind the focal plane and as close to it
as possible., Slits may then be placed at L (the calculated
focal plane passes through the center at N) to select various
combinat ions of energy definition_and beam intensity.

Referring to figure 1 the deflected beam emerges from
the cyclotron vacuum tank A through the window box B, passes
the vertical and horizontal slits D into a 6 inch diameter
iron pipe L., A focising magnet F directs the beam past the
vertical and horizontal slits J and L toward the scattering

chamber M on the other side of tne shielding wall.

-om



-7-

CYCLOTRON LAYOUT — SCHEMATIC
Y. o .
X

Z g -
\ — W

CYCLOTRON TANK
WINDOW BOX

PROBE PORT

SLITS

6 INCH PIPE
FOCUSING MAGNET

6 INCH CHANNEL
VACUUM PUMP INTAKE
4 INCH PIPE

SLITS

2 INCH PIPE

SLITS

SCATTERING CHAMBER
SCATTERING TARGET
MONITOR

2 INCH PIPE
BOMBARDMENT CHAMBER
TARGET
SUPPRESSOR RING
FARADAY CUP
VACUUM PUMP INTAKE
6 INCH PIPE

SLITS |

X ANALYZING MAGNET
Y SLITS ‘

Z EXIT CHANNEL

ES<CHOVWITOVOZZIMr X —IQOTNMOUODD

Fig. 1. Schematic representation of the layout of the
cyclotron vacuum system.
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The slits L consist of a set of collimators containing
rectangular holes all 1/4 inch high,but of several hori-
zontal dimensions from 1/8 to 3/4 inch. They were machined
from 1/8 inch lead sheet and mounted on a brass collar
which slides over the 2 inch pipe K. Normally the 1/2 inch
horizontal apergure was used in this work. (This choice
was more or less arbitrary, but it was based upon the ob-
servation that whenever the 1/8 and 1/4 inch slits were
used, the maximum beam was roughly 0.05/ua, whereas as much
as 0.5 ua has been observed with the 1/2 inch slits.) The
remaining apparatus pivots about the scattering chamber,
riding on a circular railroad track. This system may be
oriented to zero degrees when the chemistry bombardment
chamber Q is used. The Faraday cup T and target R retract
when not in use so that the beam can pass into the analyzing
magnet X for the physics experiments. Vacuum pumps located
at H and U are equipped with valves so that various parts
of the pipe system may be let down to air independently.
Cne other control over the beam (in addition to the deflector
and magnets) is a variable 10,000 volt D. C. power supply
which is applied to vertical deflector plates so the beam

may be aimed up or down as it enters the focusing magnet.

Designv
The design of the bombardment chamber with the

associated Faraday cup and target arrangement was the

subject of much consideration. Its primary purpose was
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to fulfill the requirements dictated by this research, but
in additipn it was to be made versatile enough to permit
other problems to be investigated witﬁ a minimum of modi-
fication. Thus the angular distribution of recoil nuclei,
exéitation function studies, and the bombardment of radio-
active targets weré among the problems for which the chamber
was designed. Furthermore, it had to be integrated with

the cyclotron system such that only a few minutes would be
required to change from a chemistry bombardment to a physics
experiment. With this in mind a design was worked out

which meets these demands and works quite satisfactorily

in practice.

A search of the literature revealed that many diverse
arrangements of the target system have been used in previous
work,

Two ways are apparent of arranging the target with
respect to the Faraday cup to measure the number of incident
particles., The target may be placed inside of the cup or in
direect contact with it. (7 - 13) In the other arrangement
the target foil is placed in front of the Faraday cup so
tnat the beam passes through the target and is caught in
the cup. (4, 10, 13 - 20) Panofsky (10) found no difference
in results when the two arrangements were tried. In either
case some provision must be made to stop secondary electrons
from either escaping (if produced inside) or entering the
cup (if produced outside). While some workers have

ignored this detail (12, 15, 20) most of them have made
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use of an electric field to suppress the secondaries.
Others have used magnetic fields, e.g. the fringe field
of the cyclotron, to insure that the electron orbits

are spirals which are small compared with the dimensions
of the collector. Since the target must be removed from
the chamber rapidly after bombardment and because of
other requirements, it was decided to use the scheme in
which the target is placed before the Faraday cup with a
suppressor ring between.

The machine drawings of the bombardment chamber are
shown in figures 2,.3 and 4, and the photographs of the
completed chamber are shown in figures 5 énd 6. The
construction was made of brass, with all joints silver-
soldered except as notéd below or where O-rings were usede.
Before installation the entire assembly was vacuum tested,
first by filling with water under pressure and secondly
with a helium leak detector. Ten inch diameter brass pipe
used in the construction made the chamber large enough to
accomodate apparatus to be used in future work as well as
to permit the retraction of the Faraday cup assembly to the
side of the chamber when not in use. Both the cup and target
are on the end of probes manipulated from the outside.
Geometrical considerations show that a cone of scattered
particles defined by the center of the scattering chamber
as its apex, and the end of the 6 inch brass pipe V,
figure 1, as its base, is undisturbed Ly the protrusion of

the Faraday cup when in its retracted positione.
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The Faraday cup assembly is mounted on teflon slides
wnich engagé in grooves in the brass floor of the chamber
for easy positioning of the cup. The probe consists of a
3/4 inch brass pipe screwed into a part of the teflon
structure. Thnis pipe slides in and out of the chamber
through an O-ring port. The suppressor ring was cut from
1/4 inch brass plate, and a hole was machined in the center
to match the inside diaméter of the PFaraday cup. It is
mounted permanently on the front of the cup and insulated
with teflon. Electrical leads are broucht into the chamber
via kovar seals (Stupakoff Ceramic and Marufacturing Company,
Latrove, Pennsylvania, No. 95,1029) which were scft-soldered
over the 1/2 inch holes atop the chamber. The cup and ring
are provided with binding posts, and ~10 inch lengths of
RG-02/U cable are attached at one end to the posts, the
other end being soldered to the kovar seals. To protect
the outside of the seals from breakace and dirt, removable
brass housings are provided. The outer terminals of the
kovar seal were soldered to the pin of cable connectors
mounted on the brass housings. Type UG-560/U (teflon in-
sulated) was used with the Faraday cup while UG-496/U
was used with the suppressor ring. The entire cup assemble
and connecting wires were scrupulously cleaned of dirt,
grease, and lint before. final assembly, with special
attention paid to the teflon parts and the electrical

contactse.
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The ﬁarget probe may be introduced through a side
chamber so as not to disturb the main vacuum. The vacuum
lock is constructed of 6 inch brass pipe, and a vacuum
valve with a 4 inch opening isolates it from the main
vacuum system. A 3/4 inch modified steam valve was soft-
soldered into a pipe fitting in the side of the 6 inch
pipe to serve as the connection for the vacuum pump.

(For details see the section describinz the metal evap-
orator.) A Cenco~Hypervac 4 mecnanical pump (Central
Scientific Company, Cnicago, Illinois) was used to
evacuate the side chamber in about 10 minutes. 4 3/8

inch Hoke valve (oriented with the arrow pointing out)

was soft-soldered into a pipe fitting protruding from the
6 inch pipe. This provides a means of letting air into
tne chamber slowly without rupturing the delicate targets.
An O-ring port in the end plate of the side chamber
waintains the vacuum seal and supports the target probe,
The end plate must be removed before the probe can be
inserted or withdrawn, but this can be done in a matter of
seconds. This design is seen to fulfill the original
objectives, since it has given very satisfactory service

over the past year.

The brass probe head with provision for eight separate

target mounts engages in the PFaraday cup assembly. The
eigat target positions vary from 1 1/2 to ~ 2 2/3 inches

in front of the cup to accomodate collimators, avsorbers,

targets, etc. The positions were assigned numbers 1, 2,...

o

e
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Figb Faraday Cup and Target Probe Assembly.

Fig. 6 External Focused Beam Bombardment Chamber for Cyclotron.
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for easy reference, position 1 being closest to the

Faraday cupe

B Window Box Probe

In the early phase of this work, a number of bombard-
ments had to be obtained in order to test chemical procedures,
to explore the order of magnitude of {(d,a) yields that could
be expected, etc. Beam currents of 50 - lOO/ua are available
at the window box probe,(C of figure 1), making it easy to
obtain large amounts of activity. The probe for use in this
position was made from 3/4 inch brass pipe in which the
target was clamped to a,copper nead. When the probe was
witndrawn from the cyclotron after being bombarded, it was
extremely radioactive - many targets were obtained which
measured 2 roentgens per hour at a distance of one foot!

The need thus arose for a new probe design from which the
target could be quickly removed. Fast removal would result
in lower radiation exposures for personnel since most of
the induced activities are in the copper probe head,.
Rofeover, the investigation of short-lived activities would
be aided by the use of a quick opening device.

The result of these considergtions was a new probve
design, the details of wiich are suown in figure 7. The
essential feature is that a single Phillips hWead screw
secures the hinged clamp .against the probe head thus
holding the target foil tightly. A spring normally forces
the clamp away from the head so that after bombardment the

serew is loosened and the clamp springs away releasing the
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target. To prevent tihe screw from flyiﬁg out.of the clamp,
the threads were machined off for 1/16 inch close to the
head of the screw. The entire operation of releasing the
target from the probe and dropping it into a beaker can be
done at a distance of several feet by employing a Phillips
head screw driver mounted on the end of a long aluminum rod.

This new design has been in use for about three years,
and has-given very satisfactory service. Spare clamps,
springs, and screws allow one probe to be used many times
before it must itself be repaired, /

Ce Beam integrator

There are two principle methods for recording the
current produced by the incident deuterons. They may be
caught in a Faraday cup and the current amplified and fed
into a pen recorder. Otnerwise some form of current inte-~
grator may be used to record thie total charge cdllected.
From the point of view of accuracy, Kelley . and Segre (128)
claim only #+ 0.5 per cent by integrating under the curve
of current vs ﬁime, winereas * O.1 per cent has been reported
for many of the integrators reported in the literature,
(8, 10, 13, 21 - 34) Since an integrator patterned after
the one deseribed by Watts (30) had pPreviously been used with
the University of Michigan cyclotron by King (35) and was
available to us, it was decided that this would be the
logical starting point. The only modifications foreseen were

ne improvement of its stability and the extension of its

range up to ~5/ua.
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Acc&rdingly; Trott Electronics Company ‘of Rochester,
New York, was contracted to make these changes. However,
the unit as received was far from satisfactory., With no
input current it counted at a rate corresponding to several
microamperes. It was found that the integrating condensers
did not fully discharge after eacn count. Several errors
in wiring were discovered. These and other difficulties
necessitated extensive modifications before the integrator

could be used.,

Description

The circuit as finally adopted is shown schematically
in figures 8 and 9. Briefly the operating cycle is as
follows. The deuterons strike tnae Faraday cup, extract
electrons and cause one of the integrating condensers
A...D to charge. The grid of V3 then‘becomesvpositive,
and V3 starts to conduct when the grid potential reaches
about 5 volts. This cuts off one half of V4 and results
in a rise in the grid potential of one half of V5, a
univibrator circuit. Tais half of V5 starts to conduct,
cutting off the other half. This means that the grids of
V1 and V2 rise and these tubes'conduct, discharging the
integrating condenser. A positive pulse is also received
on the grid of V6 which drives the register ard records a
count. V6 also actuatés a relay (Fotter and Z2rumfield,
Frinceton,Indiana, Type SM5LS3, 10,000 ohm.) whose closing

time is ~3 milliseconds and opening time is less than
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1 millisecond. . The condenser is thus completely
discharzed. The counts mav be recorded either on the
Mercury register, or on a traffic counter (Streeter-amet
Company, Chicago, Illinois, Model SCl=-5) which stamps out
the number of counts at equal time intervals.

The 5803 electrometer tubes were sealed in a light
.tight box along with a small vag of silica gel. The
intégrating condensers are similarly sealed and desiccated,
All the exposed input wires were cleaned and sprayed with
Krylon and the cable connectors kept scrupulously clean
and dry. These precautions were found to be absolutely
essential in order to reduce the drift rate (counting rate
with zero input current) to a tolerable level. Now the
drift rate corresponds to ~+0.001/ua on range B and ~~0.00%Ma
on range D. The Faraday cup is connscted to the integrator
by about 67 fee t of RG-8/U cable using teflon insulated
connectors, UG-~-59B/U. The second input connector is for
the calibration equipment.

In order to maintain the B+ constant and at 300 volts
it was necessary to use a Sola constant voltage transformer
-and a Variac between it and the integrator. Even with
these precautions B+ drops several velts wihenever the
register is activated. It was noted later in the work that
if the traffic counter and the integrator are both plugged
into the same line circuit, ‘every time the traffic counter
Prints a number, a certain amount of extraneous charge

appears on the integrating condenser.
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Operation

It was found that it is necessary for the inﬁegrator
to be warmed up at least two hours before reproducible 7
results can be obtained. The B+ is then adjusted to 300 volts
by means of R46 of figure 9. Referring to figﬁre 27 the range
switch SWy is set to E (shorting out the grid of V3), and the
meter switch SW2 set to V3. The bias on V3 is édjusted by
means of R2 so that the meter reads S/Aa. Next SWy is
switched to D, and a small current is fed into the instru-
ment. If the meter does not indicate 22/ua when the register
trips, R28, R20, and/or R10-19 are adjusted until it does.
Finally SWZ is‘changed to V4, and the meter is made to read
from zero to full scale to indicate fractions of a count.
This is done by varying R6 and RQa.

The performance of this instrument is best discussed
in terms of its accuracy and stability, and this will be
reserved for the Experimental Frocedures section on the
calibration of the beam integrator. The calibration curves
presented there are not linear except at very low counting
rates, and this together with the difficulties discussed
above led to the conclusion that an entirely néw integrator
should be constructed. The design of Higinbotham and
Rankowitz (28) was chosen, and the parts ordered, but there

wasn't time to complete the new unit for use in this worke

De Metal Evaporator
A high vacuum metal evaporator was constructed for use

in this work. It operates at pressures from ].O'3 to lO'émm
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of mercury and is powered by a transformer system'capable
of delivering about 250 watts to the heating element. Thev
completed unit is pictured in figures 10, 11 and 12.

Thin even films of various target materials may be
prepared with this apparatus starting with metal chips,
shavings, powder, or metallic compounds such as»oxides, etce
The films so produced are very uniform in their thickness,
as indicated by the data presented in the Experimental
Procedurés section on target preparation. Another use made
of the evaporator is to evaporate gold onto thin Zapon

films for absolute beta counting with the 4w counter.

Electrical Controls

The vacuum evaporator used in this work was pétterned
after one in use at the University of California Radiation
Laporatory. Or. E. H. Fleming of that laboratory kindly
furnished us with the‘drawings and specifications. The
control panel was built in 1951 by W. A. Cassatt and was
only slightly modified for its present use. The schematic
diagrém of the panel as it now stands is shown in figure 13.
The heater output is capable of deiivering up to ~13 volts

wnen the Powerstat is wired for 135 volts output.

Vacuull Jauge

A thermocouple vacuum gauge, iiCA type 1946, was sealed
directly to the base plate of the evaporator by means of
Apiezon W wax. (All attempts to make a vacuum seal through

an O-ring connection failed. Presumably this was because
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the base plate was machined from a casting so thét the
recessed surface originally provided in the -base plate
for the gauge could not be polished sufficiently.)

A MclLeod gauge was used for the calibration. BRBoth
gauges were connected to the vacuum system through holes
rrovided in the base plate. The pressure was varied by
isolating the vacuum system at various staj;es of evacuatione.
The pressure was the same in the two gauges and remained |
constant over a period 5f time much longer than necessary
to take readings, as proved by repeated readings. Calibration
carves were taxen for various values of the heater current
in the 1946 tube. Subsequent calibrations showed that the
carve shifts as the tube ages, but not enough to affect the
day-to~day operation of the evaporator. The thermocouple
gauge becomes quite insensitive at pressures below lO’h,
but since most evaporations do not require a vacuum better

tian this value, the gauge serves the purpose.

Vacuum s stem

A schematic representation of the system is shown in
figure 14. The vacuum svstem of the original unit was
rebuilt to include a ligquid nitrogen trap and a system of
valves to bypass the diffusion pump. The original Cenco-
Hyvaé forepump was replaced with the faster Cenco-Hypervac 4,
wnicn reduced the pump~down -"time for rough vacuum from 30
to 5 minutes. The inclusion of the cold trap was found to
ve essential for the rapid attainment of pressures in the

range of lO'émm, especially on humid sum er days. The
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valves make it unnecessary to cool the diffusion pump
between evaporations, as the pumping system can'be closed
off while air is being admitted to tine main vac.um chamber
and the diffusion pump alone can be isolated while "roughing
out" the main cnamber. These modifications permit greater
efficiency and more rapid operation - it takes only 10 to
15 minutes to obtain the vacuum needed to proéeed with an
evaporation!

The pipe system consisted of ordinary 1 inch brass
plusbing fittings joined togetiher with silver solder.
A short 1 inci brass nipple was soft-soldered to the in-
take of tne diffusion pump. The threads of this nipple
were tinned with soft solder, then coated with red Glyptal
enamel Lo. 1201, (General Electric Company) and finally
screwed into valve 3. A second coat of Glyptal assures a
vacuum tight connection. The entire pipe system (including
the diffusion pump and cold trap) is attached to the base
plate of the main vacuum chamber by means of a brass flange
and an O=-ring sealys

The diffusion pump used, a VINM-1l0 (Consolidated
Vacuum Corporation, Rochester, New York), was thoroughly
cleaned out with C. P. ether and Tilled with Octoil.
(Each time the bottom plug is removed the copper gasket
must be replaced to assure a vacuum tight seal.) The
ffue pump was filled wiﬁh lignt grade Cenco-Hyvac oil,

As the pump is broken in through usage, their heavy grade
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oil'is necessary to prevent the vacuum from becoming soft
as the oilyheats up.

The valves uéed in constructing the bypass system are
of three kinds. Valve 3, directly above the diffusion
pump, 1is a commercial high vacuum valve. The air vent,
valve 4, is simply a 1/4 inch Hoke needle:valve Properly
oriented. |

The othervtwo‘valves and the one used on the bombard-
ment chamber (see page l12)deserve special attention., Several
ways of modifying ordinary commercial valves for use in
vacuum Systems have been suggested. (36 - 38) However,
ordinary steam radiator valves containing sylphon bellows
can be modified much easier for conversion to serviceable
high vacuum valves. (39) First, the fiber gasket was re-
placed with one of soft rubber (e.g. neoprene), Next, the
leakage path around the screw in the gasket holder was
closed off by soft-soldering the two parts together. The
valve seat and tne top of the body (where the bonriet screws
down) were polished with emery cloth. An O-ring was in-
serted between the top of the body and the sylphon flange.
A piece of soft solder in the form of a ring was useful
to act as a spacer in keeping the O-ring centered. For
assembly the O-ring (coated with Apiezon T if desired) was
placed in position on the body and the sylphon inserted
with the gasket in place. Next the valve was pumped down
so that atmospheric pressure held the pieces in place.

The shaft was removed from the bonnet and screwed into the
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sylphon. Finally the bénnet wasllowered into position with
the solder spacer and screwed down tightly to effect a
vacuum seal around the O-ring. Using this procedure there
was no twisting of theO-ring which can cause leaks.

The cold trap consisted of a 2 inch brass tube with
a 3/4 inch brass pipe extending concentrically'almost to
the bottom. A flange with an O-ring groove was provided
S0 that the trap can be cleaned. The cold trap was thermally
insulated from the rest of the metal system with the rubber
O-ring and teflon washers on the flange bolts.

An inordinately large amount of time was spent in leak-
hunting and in making vacuum-tight connections. Large leaks
were found by filling the system with water under a pressure
of several pounds, or by applying air pressure inside and
soap solution outside. A spare vacuum gauge was found to
be very handy when it came to hunting smaller leaks. The
pressure was then checked in one section at a time,
making use of the valves either assembled or with the
bonnet and stem replaced by rubber stoppers. A hydrogen
leak detector was also used with some success, but the
helium leak detector is far superior in detecting minute
leaks.

Both wax seals and sperew tnreads coated with glyptal
have been used to effect vacuum-tight connections, but the
only fool-proof method is to employ O-rings in properly
constructed grooves. Bolts were designed with O-ring

grooves in the under side of their heads to seal off the
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spare:holes in‘the base plate. Great care was exerc;sed
in_making the groéves. Their dimensions were made to con=-
form ciosely to those recommended by the manufaéturer
{Crane Packing Company, Bulletin No. P=-308) -except that
‘the groove width "D", was made equal to the O—ring cCross—
sectional diameter. ;11 surfaces contacting the C-rings
were honed or polished free from radial scratches and
tool marks. It was found that the metal used must not be
porous, i.e., castings can not generally be used. |
The original bell jar provided was made of steel with
a window in the top. The welded Jjoints made it impossible
to work with, as leaks developed when a modificapion was
attempted. A Pyrex bell jar 10 1/4 inches in diameter and
14 inches high, (Consoiidated Vacuum Corporation,
Rochester, New York, No. 5728) was found to be very satis-
factory. An L-shaped rubber gasket fits around the rim
of the bell jar to make a vacuum tight seal with the base
rlate. No grease was necessary. An effective method of
preventing the bell jar from becomins coated with an
opaque deposit of evaporated material is to apply a thin

layer of Dow Corning High Vacuum Grease on the inner surface.

Heaters and target assembly:

Several types of heaters described in the literature
(40 - 41) were tried. Figure 11 illustrates four different
designs: a Vycor crucible with a tungsten heater coiled

around 1it, a crucible made from alundum (impure alundum was
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used because the pure variety crumbled and would not stick
to the conical wife frame), a tungsten wire basket,.énd a
tungsten wire helix. These designs met with varying degrees
of success, but the most generally satisfactory heater for
this work consists of a strip of 0.005 inch tungsten foil
with the sides bent up to form a boat. A large amount of
material may be placed in the boat with little danger of
it falling out, and a white heat is easy to obtain. However,
each material to be evaporated presents its own problems
and the solution is an individual matter. The heaters were
clamped between steel plates mounted on steatite stand-off
insulators, as illustrgted in figure 12. The current was
conducted intoc the vacuum chamber by commercial électrode
assemblies (Consclidated Vacuum Corporation, No. 7299).
Figure 12 also shows the substrate upon which the metal
vapor condenses supported above the heater from a
specially designed ring stand. 1In the case of plastic
substrates a 1/2 inch thick aluminum block is placed behind
- and in contact with it to help dissipate the heat. The
choice of substrate is also an individual consideration, and
will be treated along with the choice of heater in the Ex-

perimental Procedures section on target preparation.

Operation

The detailed instructions for use with this evaporator

are given in Appendix I.
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Ee hn'Pfoportional Counter

Wien this réseafch was undertaxken there‘were no lar
counters available commercially. The choice of this type
of counter for absolute disintegration rate determination
will be explained later in the Experimental Procedures
section on absolute beta counting. There are fourwdifferent
designs of lsr chambers described in the literature. European
workers employed a cylinder with the sample placed on a sup-
port dividing the c&linder into two halves along its axis.
(42 - 46) Two wires stretched parallel to the cylinder axis
above and below the sample support served as anodes. A
"pillbox" arrangement has been used at the National Bureau
of Standards and at Harﬁell. (4O - 47) A rectangular chamber
was divided into two halves by a sample prlate, with the anode
wires stretched above and below the plate and parallel to it.
Borkowski (4&) is responsible for the third design which con-
sists of two cylindrical halves clamping the sample plate
between them. (47 - LE) The anode wires are stretched along
a diameter of each half. Finally two hemispheres placed
together with the sample plate in between constitute the
fourth type. (47 49-52) The center wires are two small loops
suspended above and below the sample, |

The two anodes were usually connected together in
parallel and fed into a proportional or geiger counting unit.
Some workers haVe made studies of the coincidences between
the two halves. (42 - 44)

The counting gas flows continuously or a pump may be

used to evacuate the chamber after which the gas is intro-



-

30

duced at the desired pressure.' In the proportional counters
both pure methane and a mlxture of 90% argon and 10 methane
have been used.‘ (Tne 1atter, sometimes called P10 gas, is
reported to give a plateeu at a lower voltage than pure
methane, )(48 53) The pressure is usually atmospherlc,
althoggh Borkowski (48) has conducted experlments in which
the pressure was varied from 10 to 76 cm of mercury without

noticeable (+ O. 20) cnange in counting rate on the plateau.

Description

A eylindrical (Borkowski type) and a spherical /st chamber
were constructed for use in this work. They are pictured in
figures lS and 16. The ecylindrical type was patterned after
that used by Borkowski (48) who very kindly sent us the
machine drawings. The two hemi-cylinders were 2 3/4 inches
in diameter ard 1 5/16 inches deep, machined from aluminum.
These two halves are placed on top of one another, clamping
a thin aluminum sample piate between them. A gas tight
seal is provided oy an O-ring between the hemi-cyllnders.
The sample to be counted is mounted on a plastic film
covering the hole in the center of the plate. The plate
then rests just inside the O-ring. The electrodes are
stainless-eteel wires 0.002 inches in diameter (obtainable
from Sigmund Cohn, Newaork). They are stretched hori-
zontally across each half of the cylinder at a distance
of‘ll/lé inches from the central plate. Since it is

frequently necessary to change these wires the details



Fig.15 4 pi Proportional Counters: left, spherical; right,
cylindrical.

Fig. 16Cylindrical 4 pi Proportional Counter inside housing.
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of this operation are described in Appendix II.

"The other chamber, patterned after the ones in use at
the National Bureau of Standards (47, 49 - 50) eonsists of
two stainless steel hemispheres 2 7/16 inches in diameter.
The sample plate is clamped between them. A gas-tight seal
is effected by two O-rings compressed against opposite
sides of the sample plate. (Here the O-rings actually form
a part of the inside spherical surface,) The anodes are
made from 0.001 diameter wire, either stainless steel or
platinum. They aré@formed into loops 3/16 inch in diameter
and are susperided above and below the sample from teflon
insulators 3/4 inch from the sample plate. Both loops and
hemispheres are commercially available (Nuélear Measurements
Corporation, Indianapolis, Indiana), The loops can also be
made in the laboratory, and the following directions for
making them are given in Appendix II.

The sample plates for these chambers are made from
0,010 dinch aluminum.sheet. Three 1/& inch holes spaced
120 degrees apart and 1/4 inch from the edge permit the
flow of methane from one nalf of the chamber to the other.
Plastic films can be mounted directly over a 1/2 inch
central hole upon which is deposited the active source.
Another arrangement is to lay across this hole a smaller
disk (1 inch diameter) whi&hvitself has a central hole
punched in it and across which the sample-bearing film
can be secured. The latter is illustrated with the

cylindrical counter in figure 15. Usually the active
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deposit is covered with another layer of film to prevent
éontamination of the chambers.

The counting gas used is 99 mol per cent methane
(Phillips Petroleum Company, Bartlésville, Cklahoma) und
the flow rate is adjusted by means of & bubbler filled
withh Dow Corning 702 fluid. The chamber is flushed for
about 10 minutes at a rate of ~10 bubblesiper second
after introduction of each sample. This length of time
was determihed by observing the counting rate of Sr-YgO
as a function of the length of flushing time. After
3 minutes the sample counted within the statistical error
of ‘the normal rate. Care must be exercised with the. Zapon
films as they will be ruptured DY too great o flushing
rate., The flow rate is reduced to ~3 bubbles rer second
for the duration of the counte.

.The counters were operated in the proportional regzion
80 that very hizh counting rates may be mcusured vithout
tne application of a l.rge deu.d time correction. This is
due to the fuct that the de.d tines of proportional counters
are intrinsically low in comparison with those of Geiger
counters: of the order of 5)“360 ;s compared with ~200
ﬂsec'for Geiger counters. .

a luclear-Chicago Model 162 scaling unit modified
for progortional counting (54) was used in conjunction
with the cylindrical chamiLer. The amplifier stace
was niodified by the addition of two 1N38 diodes and

a 1 megohm, 1/2 watt resistor in the grid circuit of the



MODIFICATION OF MODEL 162 FOR
PROPORTIONAL COUNTING
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Fige. 17. Schematic diagram of a portion of the Nuclear
Instrument Corporation Model 162 scaling unit circuit
which has been modified for proportional counting.
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thirdzéﬂﬂé tu@e (Vvr=-3, per the circuit diagrum of the
Model 1u2 scaler given in the accbmpanying instruction
manual), The modified part of the circuit is shown in

the figure 17 which is aAportion.of the Model 162 circuit
diagram. This alteration is to prevent the amplifier from
overloading and double pulsing with véry large pulses and
high counting rates. The high voltage has supplied by a
Radiation Instrument Development Laboratory Model &0 dual
high voltage supply. The amplifier and scaler for use with
the spherical chamber was built by the Trott Electronics
Company. The pulse amplifier is the same as desiéned by
Rexroth. (55) The scaler is a modification of the one
described by Kemp.(56) (The end window proportional
counters used at Los Alamos utilize thé same amplifier-
scaler combination as reported by Rexroth and Kemp, )

The L chambers are placed in a copper box for elec-
trical shielding, as shown in figure 16. At first heavy
bare copper wires connected the chamber to the UG=4G6 /U
cable connector in the side of the copper box. Later
flexible rubber covered wire (5,000 volt insulation)‘was
found to stand up better. These wires were attached to
the cable connector by clip Ieads so that the chamber
may be easily disconnected for changing samples, cleaning,
or for using the top and bottom halves independently.

A short length of RG=11/U cable runs from the box to the

Proportional amplifier. This copper box arrangement is

used at the National Bureau of Standards for the purpose



~L2-

of lowering the input capacitance and thus re@ucing the
resolving time and the attenuation of the pulses entering
the amplifier. (57) ‘

The copper box is surrounded by two inches of lead for
shielding purposes. The background is then ~100 counts/min

on the cylidrical counter and 40O counts/min‘on the spherical

counter.

Performance

A good deal of trouble was experienced in getting the
counters to opérate properly. This was especially true of
the spherical chamber. The difficulty was._ that after a
period of operation the voltage plateau would become almost
nonexistent, except at very high methane flow rates. The
cvlindrical chamber seemed to consistently give better
lodking plateaus, and for this reason it was used almost
exclusively in the cross section work. But even it gave
spurious counts which would sometimes jam the scaler. The

several precautions that were found necessary for proper

performance are treated belowe.

First of all the methane must be flowing through the
chambers at all times when the high voltage is on. Otherwise

a continuous discharge may occur and a brown deposit may

accumulate inside the chamber. (58 - 59) If this happens,

the anode wires and/or chambers must be cleaned as described
in Nuclear Measurements Corporation Instruction Manual for
their Model PC-1 counter. Further details are given in

Appendix II.
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Special attention must be paid to any dust, lint, etce.
which may lodge on the high voltage connectibns, for this
will surely cause a discharge to occur.

The gas conneggions are another possible source of
grievance. It was found that the chamber must really be
gas-tight in order for proper counting to result. Thus
the Tygon (type R3603) connecting tubing ﬁas wired tightly
to the chamber connections. Apiezon 7 wax was used to insure
thét - the chamber connections were sealed. The chamber
was frequently tested for bad leaks by watching the 1/2
inch head of o0il in the bubbler wihen the system is closed.

Lastly a phenomena occasionally takes place that so
far defies an explanation. When certain samples‘arg counted
for more than several minutes the counter goes into con-
tinaous discharge, while other samples, the background, etc.,
all count normally. Furthermore the questionable sample
appears to count all right when the bottom half of the
chamber is used alone, but. it jams the counter if the top
half is used alone! Perhaps it has something to do with
tne way in which the sample is prepared, because little
trouble has been experienced ever since the procedure has
been adopted of cleaning the saﬁple plates with acetone and
drying the final sample under a heat lamp and hot air

current .
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EXPERIMENTAL FROCEDLRES
A. Beam Determination

Suppression of Secondary Electrons

As pointéd out in the section describing the bombard-
ment chamber, page 9 , secondary electrons, or delta rays,
produced when deuterons strike the target, collimator, etc.,
must not be allowed to enter the Faraday cup if produced
outside of it. Otherwise the positive current collected
would be smaller than that produced by the deuteron beam.
Conversely, electrons produced within the cup must not be
allowed to escape or too high a positive current would be
indicated. Most workers have taken secondary electron
emission into consideration using 200 - 300 volts to
suppress them in lieu of a magnetic field, although
Panofsky (10) used &,000 volts. Since the geometric
arrangement was different in each case reported in the
literature it was deemed necessary to experimentally de-
termine the proper potential to use,

To take into account the fluctuation in the deuteron
beam, a scattering target of Mylar, a DuPont polyester film,
usually 0.00025 inch (1/4 mil) thick, was in the scattering
chamber at N of figure l. The scattered particles which
passed through both monitor counters O, were recorded as
events by a coincidence éﬁalyzer whose output was fed into
a scaler, Bach (60) has given a complete description of

the monitors. The main beam passed through the Mylar target N,

-l
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traversed the target R, and was stopped in the Faraday
cup T. The potential Af the suppressor ring 3 was varied
and the amount of charge collected in the cup'was measured
in terms of the ratio BM of the number of counts recorded
by the integrator rer EZ monitor counts. The integrator
was set on range B (see figure £) for those experiments.
The procedure was to measure BM(O) wien no potential is

—— s

applied to the suppressor ring, i.e., with the ring shorted

to ground. Secondly BM(V) was measured when v volts were

applied. Thirdly BN(O) was again determined, etc., alter-

nating between readings with no potential and with v. volts.

1. Preliminary Bxperiments

A great deal of difficulty was experienced in that

BN(O) tended to drift during the course of an experiment.

This could have been the result of part of the beam striking
the monitor target N tnen failing to hit the Faraday cup
target R, or vice versa. DMultiple scattering from the
monitor was ruled out on the basis of a calculation fol-
lowing rossi and Greisen, (61) A quick check with an
oscilloscope showed t:at the discrimination settings on

the- prepertional amplifiers of the monitors were not set

on a steep part of the discrimination curve. (In tae final
run, experimental discrimination curves were taken to
determine how to adjust the amplifier.)

The principle source of difficulty lay in the geo-

metrical arrangement. The lead slits L of figure 1
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in frbn'c of the monitor foil must Be small compared to the
area of the foil.' Decreasing the vertical and horizontal
slits J in front of the scattering chamber reduced the
amount of extraneous scattered beam. That the main beam
was actually going through target R was demonstrated by

the observation of the beam pattefn. It appeared as a
yellow discoloration ~1 inch wide and ~1/2 inch high in

the center of the many Mylar targets tnat were bombarded
during the course of this work, {(3ince the slits L were
most often 1/2 inch wide and 1/L inch high, some idea may
be gained of the divergence of the beam from these figures.)
Jith the "background" (counting rate of the monitor with
the Mylar target N removed from the beam path) thus reduced
to less than 50 monitor counts per integrator count (range

B) some improvement was observed in the constancy of B,4(0)a

Finally the correct alignment of the monitor counters, i.ec.

"aiming" them exactly at the center of the monitor foil,

provided the means of reducing the drift over a period of
roﬁg,hly L hours to ~8 per cent. This is illustrated by data from

the final run in figure 18 which shows the fluctuations

in BM(O) as a function of the total number of counts

recorded by the integrator. The latter increases with
time, but is not proportional to it because of the vari-
ations of tne cyclotron beam. The drift that is still
present may be due to the deterioration of the Mylar target

(it becomes brittle and turns yellow under bombardment ),
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or some electronic instability of either the monitor or
integrator. Although range B of the integrator was‘not
calibrated with the same care that was takgn with ranges
C and D (see next section), early experiments indicated

that its linearity was as good as the other two higher

ranges if the counting rate remains below ~10 counts/mln.

The fluctuations of the individual values of BM(O)

e etnas
are higher than expected from an accumulation of the errors

of counting statistics, timing, etc. However, by averaging
BM(O) taken vefore and after BM(V) was taken, the ratio

. conpnn

BM(V)/BEKTU is fairly reproducible, This is the function

which is of interest in determining the effect of suppressing

potential,

2. JSecondary Electrons Emitted from the Cup

In an early experiment with no target foil R in front
of the Faraday cup, the potential of the ring was set at
-295 volts, and the readings taken. Next, the ring was
grounded and the cup itself was biased at -200 volts by
means of the R49 control on the integrator (see figure 9).
In these experiments there was no detectable change in the

amount of charge collected by the cup. That is, BM(O)

equaled B, (V) to within the ~+ 2 per cent deviations
M —

observed for these number. BN(O) itself drifted by about

L pér cent during the two hoir course of this experiment,
The result is evidence that the cup was well designed

insofar as its geometry is concerned--less than 2 per cent
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of tihe secondary electrons can escape t.iat are produced

wen the beam 1s stopped in the cup.

3. Secondary Electron Emitted from the Target

The target R was a 0.9 mil aluminum foil placed in
one of the eigit rositions of the probe “ead in front of
tie Faraday cup (see page 12 ). A marked effect was
observed as shown in figure 192. This curve and the one
of fipure 1t were tde‘results of the final run lasting

~1L hours, (Thne many earlier runs were much less conclusive

because the techniques were still in tne .rocess of being

worked out.) The ordinate is the ratio BM(V)/BM(O)
referred to above, and the abscissa is tne suppressor
potential, Tnre errors are the mean deviation of at least
four determinations. The figure gsives the results for two
different tar_ et positions. .hen the aluminun foil was
close to tue raraday cup ir position 3, the positive char e
collected for a given number of monitor counts was ~27 per
cent nhizner waien o« suppressing potential of more than
-20u volts thap ween nc potential was apgplied. Jhen the
target was moved further away making tle solid angle sub-
tended oy the cup smaller, tiie observed ef'fect was also
sraller, Thus in position 7 the discrepency was ~16 per cent,
several corrections mi~it have been applied to obtain
a more nearly correct value cf By, oit they were consicered

cerzligicles  Taus the integrator drirt rate (see section

[}

tie beam integrator pa-e 23 | amounts to atout
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fige 19, The elfect of applying a potential to suppress

secondary electrons produced by the deuteron beam.
ordinate is defined on pagse 43,
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+0,03 counts/min on range 3. This nearly constant correction,
whien compared to typical counting rates of 5 counts/min with
the cyclotron beam on, is of little importance. Then there

is the monitor background, mentioned above, due to extraneous
scattered radiation, but this is only about 0.3 per cent of
the counting rate registered with the monitor target in

place. Trinally there is a very small background in the
monitor cdue Lo electronic noise, cosmic rays, etc. This

was found negligible at about 0.0l per cent of the counting
rates cobserved during a run.

e

The curves in figure 19 indicate that in practice, as
long as tne potential on the suppressor ring is maintained
‘elow ~200C volts, the effect of secondary electrons 1is
reglicivle. Theoretically a slight positive slope might
e expected out to =500 volts, which is the maximum

.ossible energzy of a secondary electron ejected by a 7.8

ov desteron. Dethe and ashkin (22) give the formula for

-

v, tne number of delta rays emitted per centi-

calculating
seter of path of the incident neavy particle. pplied
to 7.8 Yev deuterons in 0.9 mil aluminum, the number of
delta ravs with energiles .etween Jand & (kev) is

a./

(V/C) &Y

dan = 0.020 (1)

where v is t.:e velocity of the incidert particle and ¢
{s the velocity of light. Note tiat the N will Dbe inversely

croportional to the eéenergy of the delta ravs. The energy W



is a function of the angle of ejection of the electron, ©:
W =  2mv°cos< (2)

where m is t1e mass of the incident particle. Taking the
target in position 7 as an example, and considering the
cone defined by the center of the target &nd tae mouth of
the Faraday cup, the maximum value of © is ~25°, From
egquation (2) this corresponds to electrons of 7 kev energye.
Tne total number emitted from 7 to &.5 kev in 0.9 mil
aluminum is found to be 1l.3% electrons per deuteron, Dby
integrating and solving eguation (1). Corsidering the range
of these electrons (33) only those produced in the last
6x10'5cm will escape from tne aluminum. This amounts to
0.032 electrons per deuteron, which represents delta rays
from zero on up to &.5 kev erergy emerging from tne tarset.
Lcattering in the aluminum will further reduce the number

-0
g
~

emitted at angles from O =- . It was therefore assumed
t-at the plateau reached at ~200 volts in figure 19 was
real, and that energetic electrons passing tile suppressor

ring were too small in number to be observed.

Primary Calibration of the Beam Integrator

The integrator was caliorated by feeding in a known
current and observing the counting rate. The current was
supplied »ny a power supply in series with a high resistance.
The connecting cable and Faraday cup were included in the

calibration, as they are in parallel with the integrating
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condensers. (The 25-/'U cable, rated at 29.5 /ouf er foot,
contributes a capacitarnce of ~2x10'9/4f.) These are small
compared with 0,25 and 1.0/uf of ranges C and D.

The description of th:e integrator has veen given in
tie apparatus section, pa e 18 , .leferring to [igure O,
t.ie condensers A.....D dischar;e wen their potential v
rises to ~5 volts. The fluctuation ia tihe corndenser
~otential groduces variations in the calibration current.
If R is the total sefies resistance across taie conaenser of

capacitance g,
’ (3)

wiaere b 1s toe value of the power supply voltage, and t the
tire -ceasured from end of tae dischnarie. The value of the

carrent i is

. &=V

i= = (4)
It may be seen “rom ejyiation (4) t .at tie lar-er & is, tie
less eifect the variations in V will have on the average

currente. For tnis reason the power supply was cperated
at 500 volts or more. Zven so, noticeanle fluctuations
were observed, and the integrator was switcied to range b
(input slhcrted to cround) for the current neasurernente.
The magnitude of the discrepency vetween tihe range b
(maximum) value and the averagze value of the currcnt on,
5ay, range U can ve estimated as follows. Consider tne

instantanecus current in the 2-C circuit: substituting



equation (3) i

s}
ct
(o}

L) vields

'.J
H]
= 18
(¢}
Slet
*
A\l

3

The initial current io is simply iO= E/R, and the average

value of tue current is

T . T

= %&(l~e- (6)

where T 1s the time between counts. Substituting typical
experimental numbers in the equation (&) s'iows that the i
differs from iO oy O - 0.5 per cent. This constitutes the
Justification for using the maximum value of the current
in plottins the calibration curves.

The exact value of the current may be ascertained by
two general methods: (a) the current mav be observed directly

with a sensitive current meter, or {b) the potential drop
across a known standard resistor in series with the high
resistor mav be measured. Doth of tiese methods were tried
in tiie primary calibration of the integrator, but only the

second one (emploving a potentiometer) gave satisfactory

results. However, the details of both will be given.

. Jirect measureent of current

1
satts {30) suggzested thne use of a micromicroammeter for

~—

calivration purposes. [No such instrument was available
in this laboratory but it was possible to borrow a sensitive

.ortavle galvanometer, (Leeas and lorthrup type & Lo. 2500



rated sensitivity C.OOOS/ua/mm). It was used in con-
Jjunction with a lamp and scale employing a 2 meter

optical path. If the current sensitivity is known
accurately, tne galvanometer may be used as a microamneter.
This expedient was used by Poole. (24)

The sensitivity was determined according to the poten-
tial divider method given by Smith (63) and indicated
schematically in firure 20A. F was a decade box (Leeds and
orthrup io. 4750), ( another decade box (Jencral Radio type
tuR-J), .1 a wire-wound 1 per cent IiC resistor, and S a
decade box (Leeds and Lorthrup .o, 4775). . potentiometer

lubicon type B No. 2780) was used rather than a voltmeter.

—

urrent ilowed throush the potentiometer coils for at

cefore use., The 10,000 ohm coil ¢of T was

b

lzast 24 hours

0]

joR

1
3 as a stardard of comparison for tlhe 10,000 oim coil

o
pe

and T Jhielded cavles (23=-.2/U) were usad everywhere

by

c
zxcept wit . the potentiometer. T.2 contacts were careflly

anad, and solder connections made with 50-5C (50 .er cent
’

c.e
lead, 50 .er cent tin) solder. Tie ralvanometer coil was

warmed up With several wide deflections before a series of

readin_s was taxen.
Juring use, the zero point shifted by about 1 per cent

PO

r less cof the deflection after tae passa; e of current.

C

Therefore the avera. e ol tie zero point readings immcaiately
sefore and afcer a dellection was assumiied to de the true
~oint.

The results of four calibrations gave smooth curves

from +25C to =250 mm deflection excejt in the neir~h>orhood
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CALIBRATION SCHEMATICS
A

STANDARD
CELL

| STORAGE —
, R ? BATTERY POTENTIOMETER

GALV. a
S STORAGE
BATTERY
UNIVERSAL
SHUNT
Hl —MEG. FARADAY
H.v. RESISTANGCE CURRENT cuP
POWER VT.VM. BOX
SUPPLY y INTEGRATOR
-
STANDARD POTENTIOMETER STORAGE
CELL BATTERY
HI-MEg, STANDARD |
H.V. RESISTANGE : FARADAY
POWER BOX RESISTOR CURRENT cuP
SUPPLY - INTEGRATOR

Fig. 20. Schematic representation of the apparatus to
A, measure the current sensitivity of the galvanometer;
B, calibrate the current integrat

of the current with a galvanometer; and Cy calibrate the
current integrator by the potentiometer method.
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of zero, where it becomes m.ich more sensitive, This
discontinuity in the smooth curve was considered abnormal,
out a more serious drawback was the fact that successive
calibrations over a period of several days gzave curves
showin; decreasing sensitivity(all in the vicinity of
0.000BS/ua/mm) which was still lower than the rated sen-
sitivity. The differences amounted to several per cent.
wven wnen the galvanometer was not moved between two runs,
the second curve lay about 1/3 per cent asove the first.
al'ter usinz: the galvanometer to calilrate the inte:rator,
tite current sensitivity was redetermined oy Ce U. Anders,
vsing slightly different techriques. llis results,
although somewiat more reproducivle than the first cali-

-

sration, were hiher by ~5 per. cent.
The non-reproducivility <f tnis method is not
attrivutavle to temperature or humidity differences. The
explanation may lie in the fact tliat no particular care
was taxen to assure tae galvano.meter was perfectly level,
Ltaer workers nave ooserved difficulties similar to those
experienced nere until the instrument was leveled. (64 )

Two attempts were made to calibrate the integrator
ssing the set up shown in figure 203. The universal

snunt was used to extend the range of the galvanometer,

The vacuum tube voltmeter V.T.V.l. was used merely to
read the H.V. power supply output. Tne calibration

curves obtained by this wet'iod were not to be trusted

vecause ol the uncertainty in the galvanometer calibration,
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2, Potentiometer method

In this method the accuracy is limited due to the
decrease in sensitivity brought about by the high values
of the standard resistance necessary to give measurable
potential drops for very low currents. Potentiometers are
not designed to measure potentials in circuits containing
very high resistances. A practical limit was found to be
~10,000 ohms for the standard resistance. If much larger
values are tried the_galvanometer does not respond to
slidewire changes of less than 1 per cent of the indicated
potential. The particular potentiometer used also makes
a difference, €.8. it was found that the Rubvicon type B,
and Leeds and Northrup type K are satisfactory, but that
the Leeds and Northrup No. £662 microvolt potent iometer
is not, as it provided much less sensitivity.

There are several wavs to surmount this difficulty:
Ly the use of a more sensitive galvanometer, by increasing
its optical path, or by connecting a condenser in parallel
with the standard resistance, etc, However, it was felt that
the integrator would serve adequately for the final cross
section determinations if calibrated only for its two
highest ranges C and D, corresponding to currents from
0.05 to 5 /Aa. These values provide 0.05 to 5 volt
potential drops across a 10,000 ohm standard resistor
which can be measured with the tubicon potentiometer and
the Leeds and Northrup type i galvanometer to good

pLrecisiocne
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The schematic block diapgram of the calibration set
up 1is shown in figure‘2OC. In the early runs, the Hi-lMeg
resistors (The Victoreen Instrument Company, Cleveland,
Ohio) were out in the open, but for the final calibration
tiey were enclosed in an air tight box with steatite
selector switches and two UGC-496/U cable connectors.

Care was taken to clean the resistors, and a bag of sil-
ica gel was placed inside the box. Ceresin wax was used
to seal the box. The stardard resistor at first was an
ItC 1 per cent wire-wound proauct, btut later a 10,000 ohm
Leeds and Nortarup MNo. LOLO resistor, standardized bv tle
National Bureau of Standards in 19424, was used. For the
power supply, an Atomic Instrument Company model 312 Hirh
Volta e Power Supily was used. (Yarlier, the interrztor
control RL9, figure 9, was used for this furpecse, but the
highest potential available was generally too low.) The
vacuum tube volt meter, a Voltohmist Senior (Radio
Corporation of imerica), msusured the power suppkly outrput,

Zubicon type B potentiometer was used in conjunction
vith an Eplab standard cell and a Leeds and llortarup type R
toe. 2500 galvancmeter,

The results of the calibration are depicted in figure 21
for ranges C and 0. Although data were chtaired extending
tc ~L0 counts’/min, conly t.e lower portion of the curves
are shewn since deviatiorn from lirearity is noticeable
beyond 12 counts/min on range C and 6 counts/min on range D.

Treating the points below these limits by the method of
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least squares zives the following values for the slopes,
KC and Ky for ranges C and D respectively: 37,6 + 3,6
counts/min//ua and 9.%0 *+ 0,03 counts/minép{a. The
intercepts were not zero, as would be expected for an
ideal integrator, but were 0,30 * 0.15 and 0.045 + 0.010
counts/min for ranges C and D. This could be the drift
rate encountered when no input current is fed into the
integrator, except that in this case the intercept should
be negative for range D to arree with observation! If the
intercept is assumed to be zero, KC and KD become 39,4
and 9,97 counts/min/u a respectively, but the deviations
show a trend when plotted.

The curves obtained about six months previously
using less care in the measurements exhibited approxi-
nately the same slope: 43.4 and 10 counts/minéﬁaa for
ranges C and D respectively.

The following values were taken as the calibration
factors for use in obtaininz avsolute measurerents of the

oeanm:

[]

K 39 + 4 counts/min/um a

>

- 2.9 + 0.1 counts/minéua.

]

These numbers represent the averarse of the two least squares
slopes, one with the bLoth constants determined and the
other assuming tie intercept equal to zero. The errors
assigrned are the mean deviation except winen the statistical

standard deviation was lar-er, it was chosen. lote tnat
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the errors thus assigned bracket the early values, so
tnat during the succeeding two month period in which
the cross section bombardments were obtained, the change

in calibration factor should be less than these errors.

secondary Calibrations

secondary calibrations were made avery time bombard-
ments were obtained to detect any day-to-day variation
in the instrument. For this purpose a more rugged apparatus
was used tnan in the primary calibrations. The vacuum
tube voltmeter and Hi-meg resistance box were used as a
microammeter, and the set-up is the same as in figure 20C,
except tnat the standard resistor and potentiometer
were removed. (The readings thus obtained indicated

1 '3

drifts not only in the integrator bdut also in the V.T.V.lie-
ili-meg resistance combination.)

During the two month course of the bombardment work
the secondary calibrations were found to show no long
term drift (except perhars at the very end) and the
readings for a given V.T.V.i,.,-Hi-meg resistance combi-
nation on range D alwavs duplicated t.emselves with an
avzera-e deviation of + C,7 - 1.6 per cent. These
variations mignt be attribuited to cnanges in the V.T.V.).,
tiie Hi-meg resistors, temperature or humidity. It was
noted, nhowever, tiat the integrator must be warmed up at
least two hours before vse, in order to reproduce the read-

ings within the avove limits,
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Be Target Yreparation

in orcer to meapure cross sections at well-defined
deuteron energies it is essential t-:at the target naterial
not degrade tie incident erergy significantly. The target
itself mist therefore be made guite thin in order to take
advantage of tiae 6.5xev/mm resolution of the focusing
ragnet, [or example, alaminum only 0,0002¢& inches thick
will degrade the energy of 7. ilev devterons by 127 kev,

wiich represents the resolution obtained from a 3/4 inch

slit at L, figure 1.

6]

econd consideration is t'.at the targets must be

made free from thickness gradients. A uniform thin film
may then be ovombarded with a deuteron beam inhomogeneous
witsn respect to intensity variations over the beam area,

and tie cross section calculated without & knowledsre of

3

the beam intensity distribution.

Thirdly, tne target m st be free from impurities

4

3

wnichn migsnt give rise to interfering activities which

p]

3

would follow tine prod ct element sought in the chemical
separation. This is particularly important in the
present study because tne (d,a) yields are tvpically a
factor cf lO3 lower than those of the (d,n) and (d,p)
reaction wnich are the major reactions induced by 7.8
~.ev weuterons. or example, the (d,n) reaction on a
-+l per cent impurity right produce comparanle numbers

of radioactive atoms compared to the (d,a) producte



Sl

For this reason consideravle time was spent in locating
the highest Purity target materials commercially available.
In those cases in which the material was evaporated onto
a4 sudbstrate some additional purification may result from

the process, but there is also the possibility that it may

actually introduce impurities. The possibility of magnesium
oxide formation in this manner is discussed below,.

Several general methods of producing thin films have
been reviewed by Hudswell. (65) The metal evaporator
described earlier on pége 24 was used for this purpose,
out it was soon found that this approach has its drawbacks.
Jata on the techniques for eva orating various metals from
different types of heaters are presented in the literature.
(LO=41)

The problem of findin: a s:itable substrate to which

the evaporated material will adhere was the subject of many

]

trates were tried for each

4]

trials. teveral different subs:
of the target elements, These were polystvrene, rubber
ardrocnloride, !ylar, Jaran, cellopirane and aluminum.
Table I lists the four target elements encountered, some

of their properties and the target preparation method.
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Table I. Target materials

Vg S Ti Cd
mp(°C) 651 113 1800 321
bp (%) 1110 LS 3000 767
mg/em® /mil Lol 5.3 11.4 22.0
purity -— 99,98 99.997 " spec-pure"
availability Dow stauffer Foote Joanson,

~atthey

preparation evap. poured foil evap.
substrate Kylér polystyrene --- Al
evaporator heater J Loat - - 4 boat

farget mounts were made to fit the slots of the probe
-~ead of the bombardment chamber and were machined from 1/16
inch aluminum stock. 4 hole 2 1/b4 inches in diameter was
cut in the mounts to match the 2 1/4 inch opening of the
“araday cup. The subtstrate was glued over the hole with
rubber cement. In practically all cases the tarzet
material was restricted to this 2 1/4 inch area oy means
of a spare target mcunt rlaced over tuie suostrate to serve

m

as a collimator during the deposition of thne target, o
rrévent shadows of the edge of the spare mount from veing
cast in the evapecration ~he circular edges of the collimator
were beveled.

“ae details of the target Preparation for each of the

four elements studied will bhe aiven below.
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Magnesium

imagnesium metal purified by sublimation was kindly
furnished by Lr. A. J. Brooks of the Dow Chemical Company.
This material sublimes in vacuo, and the unscreened
granules of the Dow magnesium have a tendency to pop out
cf the heater unless the heating is done extremely slowly.
at first Vycor crucibles were used to contain the magnesium,
but their deep shape made them very efficient little cannoné
which shot lar-e particles of magnesium right through the
thin substratel Alundum crucibles were also tried before
settling upon the shallow tungsten boat. Jith care, a
full boat load could ve sublimed with little loss from
po.,ping out,

~“hen polystvrene was tried as a substrate, the
magnesium would not stick and in addition the heat in the
evaporation process is enough to melt the plastic. Magnesi-
am adneres well to Teflon, but it can't be easily de-
composed in the chemical procedure (see Chemical Separations
section)., .yvlar ( 1 mil thick) ap.eared to Le the best
vpackinzg material. In order for even deposits to result,
the surface of the i1ylar had to be carefully cleaned with
etaer anda acetone and then wiped dry to eliminate drying
marks. Two or three evaporations were required to produce
a film thick enouzh to bombard,

4 curious effect that was sometimes noted was that the
surface of the evaporated mapgnesium was grayish and metallic

looking, while at other times it had a whitish cast. There



is some indication tnat this was due to inadvertently
allowing the pressure to rise while the evaporation was
in progress. Thus air or water vapor may have reacted
with the magnesium resulting in the formation of the
oxide.

4 check was made on the uniformity of evaporation
by cutting one of the 2 1/4 inch diameter films into
eight rectangular pieces and determining their thicknesses
in milligrams per sq.are centimeter (metal plus substrate).
‘he pieces were weighed on an Ainsworth type 1"id micro-
balance ard their areas measured with the aid of a pocket
ragnilier with a scale attached (.dmund Zcientific
Corporation, Rarrincton, lNew Jersey)., The standard
deviation of the surface densities was 0.4 per cent which
is of the same magnitude as the experimental errors of
the individual measurements, Thus it is seen that indi--
vidual films can be macde extremely unitorm in thickness,

although these results are not directly ap:.licable to

0]

srecifiic targets bomvarded since the {ilms had to be cut

up in order to make the measurement.

Sulfur
The sulfur used was 22.92& per cent flowers purified
by redistillation (©6) furnished as a sample lot by
ne C. Thomas of the Stauiffer Chemical Companye
Sulfur could e evaporated from Vycor or alundum

crucibles onto Iylar suvstrates, vut a much simpler
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process was finally adopted. This amounted to pouring
sulfur vapor onto the substrate. (57) Sulfur was melted
in one arm of a Y-shaped tube, which was then tilted

SO that the liquid would run into the other arm while
the vapor pours out the open mouth of the tube.

Difficulty was experienced with this element in that
under bombardment the sulfur would tend to vaporize from
the plastic backing. This could be partially overcome
oy sandwiching the target between two layers of poly-
Styrene, according to the following procedure. Sulfur
vapor was poured onto a cleaned 0.9 mil polystyrene film
and the weight of the sulfur was determined. Next
acetone was sprared over the sulfur side and another
plece of polystvrene placed on top of the target, The
sandwich was pressed together to "zlue™ the sulfur firmly
in place. Jhen this assemhly was subjected to the beam
of the cyclotron, the vaporization noted earlier was
lessened.

It was noted that the target films made in this way
were not s uniform as those wmade by evaporation. The
sultur condensed in small individual grains. On standing,
crystallization occurred, no matter which way they were
~Tepared. An attempt was made to assess the evenness
Yy scanning the target with a photomicro=-densitometer, but
the grain size proved to be too larce for zood results.

nere was, however, evidence for sli -ht thickness gradients
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over larger parts of the film. A second attempt to measure
tne uniformity was made by cutting up a film and welghing
tiie pileces. Some of the sulfur stuck to the razor as
the pleces were bein~ cut, however, and the reproducibility
of the surface density of individual pieces was not nearly
80 good as with magnesium films. In this case the standard
deviation of 11 pieces was * 2.2 per cent. A gradient
awounting to difterences of 15 per cent may have been in
evicence in ~oingzg across the film,

Some success was experienced with evaporatine sodium
suilfate onto ilylar. This approach should vield much
vetter tar:ets »noth from the point of view of uniformity,
ease of dissolution of the target, and stability under
tomvardrent., However, the technigues of evaporating salts
were not fully worked out, and the tarrets used in the

compardments were made of elemental sulfur.

Titanium

A sample lot of 929,20 per cent titanium sheet 0,0026
irches thick was supplied oy ). .. _ayacr of tae Foote
~ineral Companye. o typical analysis is ;iven in Table II.

This metal is so refractory (see Taovle 1) that vacuunm
evaporation is difficult. ¢t only are evaporated films
difricult to prepare, oat too t.uin a target won't result
in much yiela of the {(d,a} prodect. Thnis is due %o the
long naifl-lives of the scandium isctopes involved and the

cyeclotron beam availaole. Therefore it was decided to
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use the titanium foils as received from Foote i~ineral Company.,

Tavle I1I. Spectrographic Analysis of Foote Titanium

Si C.C05 " Cr 0.0GC05 Ca C.0005 C <0.001
Al 0.0CC1 Sn 0.0001 Cu 0.C01 02 0.002
N L. 0002 e C.203 Ti -— NZ 0.002
ik I i 0.001 i 1889] H2 -
n C.CC1 o N HF ———

lote: ND ot detected

-~-= liot determined

vae thickness and uniformity was estaclished 0Dy measure-
ment o1 a portion of tne titanium foil (not the éame portion
t..at was vombarded) with a micrometer. It was found to be
U.00236 + 0.00013 irches tiick, where the error is the

eviation of 32 readings,

Q.

avera’ e

D

cadmium
he metal used was Johnson, ..atthey and Company,
Limited i, 3. Cadmium .od, greater than 99,99 per cent
pure. The spectrographic analysis is given in Table I1T1.
fieces were cut from the rod with wire cutters, tihen cleaned
with dilute h.drochloric acid and Zistilled water. The
evaporation was best carried out from a tungsten boat,

although alundum cruci»les also work well.
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It provad to be no small task to find a substrate
to which cadmium would adhere in the evaporation. The
plastic films tried ineclwude *'vlar, 3aran, polystyrene,
cellophane, rubber hydrochloride, Formvar and Lapanes

Cadiium oxide was also tried instead of cadmium, uut with

no more gJdccess. firally it was found that aluminum foil
such as Hdevnold's 'rap works, provided that its surface is

first roughened with .Juich Clearser. Targets so produced
were very even and mechanically stronge.

«n interesting observation was made during this
evajoration. The cadmium metal xad a beautiful, shiny,
crrstalline appesrance up to the point of fusion. But
Just as it melted into a liquid rlobule, a brown scum
avpeared in the surflace, This apparently did not
eva,orate with the metal zut was left as a residue in
tiue boat. Ferhaps this is cadmium oxide formed from the
residual gzas present at pressures of 1072 -~ 10" %um of
rercury used in the evagoration.

0 attempt was made to evaluate the uniformity of
these ilms. The data on the ma nesium foils and similar
data cobtzined in the same way onIMdnganese an indiuvm
foils macve 1ir this lavoratory (68) were tuken as sufficient

evi.ence for the a' sence of sicnificant thickness pracientse
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Table II1I. Spectrographic Analysis of Johnson, Matthey

Cadmium Rods

Ag <0.001%

Cu faintly visible

Ca very faintly visible

Fe varely visible

Ko lines of the following elements were observed: Al, As,
Au, Ba, Be, Bi, Co, Cr, Ga, Ge, Hg, In, K, Li, Mg, Mn, Mo,

~t

Coe Chemical Separations

The object of the chemical separations performed on
an irradiated target is to isolate the atoms of one
particular element produced by transmutation. It is not
necessary to recover all of the atoms, so long as it is
possible to determine the fraction recovered (chemical
yield). It is important that the elemental fraction be
radiochemically pure, that is, that radicactive impurities
of other elements be reduced below the level of detection
for the particular counting arrangement used., The dis-
integration rate of the product element may then be
determined by the techniques of L beta counting as

described in the next section.
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Une much used method of determining the chemical yield
is by gravimetric procedure. A known amount (often 10 - 20mg)
of the (iractive) element in question is added to a solution
of the irradiated target. This is assumed to behave
chiemically the same as the radioactive atoms produced, and
aznce is known as a carrier. Carriers are also added for
tne various elements suspected as radiochemical impurities.
Crdinary distillations, filtrations, extractions, etc.
are carried out to insure interchange of the carrier with
the active speciss and to isolate the element of interest.
Thie final precipitate is welghed and the chemical vield is
calculated.

Sisintegzration rate measurements made with samples
containing several millizrams of carrier are made more
diffiicult by the necessity of maxin: self a»nsorption
corrections to take into account the ausorption of weak
£ rays in thie sample itself (see next section on ansolute
beta counting). If the elemental fraction can be obtained
in a solid-free or "weigitless" state, aowever, self-
assorption can be iznored. The chszmical yvield can be
ascertained without the addition of a carrier oy adding
a known amount of a radiocactive tracer of the element
sousht to the tarset solution. This tracer may be either
carvier free or of very high specific activity. This method
1s commonly emploved using a=-emittin: tracers of the heavy
elerments. In this work the fB-emitting tracer was long-

lived, and after the short-lived spzcies produced in the
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bombardment had decayed out, the tracer was counted and
related to the amount originally added.

There is one note of caution that should be sounded
with respect to either of these methods of estimation of
cnemical yield. In both cases, complete interchange
between the isotopes of the added tracer or carrier and
those procuc=d in the target must be established so that
measzurements on the added species are truly representative

Y
r

of the transmuted atoms. "nis is not necessurily so
cbvious a matter as obtaining a homogenous solution. Fpor
instance, the fission yield of iodire was in error by
several per cent until a satisfactorv oxidation-reduction
cycle had been perfected which ensured complete intercnhange.
(62) It is felt trat this point has been overlooked by
many workers in the field,

It was fouud that the purity of the water used to make
up reagent solutions is a critical consideration in obtaining
a final solution free from all solids. This consideration
applies to all the carrier free separations .erformed in
tinls research. <xtra precaution must be exercised in
column separations as the activity 4is collected over a
large number of 8 ml fractions totaling in ion-exchange
~500 ml eluate. ~rfrom 10 - 100 ml of solution must
frecquently be evaporated prior to the sample preparation
with the result that very low concentrations of impurities
may result in sizable residues. The vest answer found to

o : . .. -6, <1 -1
this proolem is to use "conductivity water" (~ 1x10™ "ohm™ ~ecm )
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for making solutions, washing the columns, etc. Further-

more if' there is a larc<e amount of activity produced,

only a fraction of the total volume need be evaporated to

rrepare a sample for counting. Thus in column separations
only one & ml fraction under the peak of the elution curve
ay have enough activity to Pprepare a counting sample ret

contain only a microgram of solid material.

In these procedures the substrate upon which the
target element had been placed had to be dissolved and the
(d,a) product extracted. This is vecause nuclei recoiling:
from the collision with the deuteron may be ejected from
the target. (Experiments demonstrating this effect will

oe described later.)

Sodium from ilagnesium Targets

The separation of the alkali metals from cach other
anc Ifrom the alkaline earths has been re.orted by several
authors. (70 - 75) The work of Linnenbom (75) and Beukenkamp
and Rieman (73) was found especially useful in developing
t1e procedure used here. 3everal rreliminary experiments
indicated that by using Dowex 50, a cation resin, with
dilute HZ1l as the eluant, the magnesium is held up by the
resin so that the sodium is eluted first.

Attempting to purify colloidal Jowex 50 by settling,
washing with aydrochloric acid and sodium hydroxide solutions,
etc., proved ineffective in providing a resin from which

no extraneous material would be extracted in the elution
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rrocesse. However, "Cpn srades of Dowex 50 which have

been screened, purified 0oy extraction with various reagents,
and analyzed, are now commercially available (Bio-*iiad
Laboratories, Berkeley, California). Number AG 50-X8,

100 ~ 200 mesh, was the resin used in this work. After the
column was loaded and rinsed with conductivity water, no
iurther treatment was necessarye.

The column was made from 22 mm i.d. 25 mm o.d. Pyrex
tubing of cross sectional area 3.8 cm2, and was ~13 inches
2lgh. A coarse sintered glass frit was fused in the bottom
to support the resin column, and a buret tip and stopcock
formed the outlet. The column was filled with resin to
a height of about 10 inches. An automatic sample changer
(University of California Rfadiation Laboratory, Health
Chemistry desizn) was used to collect the eluate in ~& ml
fractions in 100x15 mm test tubes (Arthur H. Thomas Company,
Lo. QLLGE),

The annotated procedure :or magnesium tarrets is riven
in figure 22, The for.at is the same as used oy Frotf'essor
~einke.(76) The initial sultfuric acid-hyvdrogen peroxide
treatment results in tihe destruction of tie Mylar backing.
In this case, once a homogeneous solution is obtained,
the sodium tracer may be assumed to be mixed thoroughly
witn that produced in the bombardment. By fuming off
the large excess of sulfuric acid much less magnesium is
needed for neutralization, and the capacity of the resin

is not exceeded,



CHuMICAL SuPARATIONS

[Flement separated: Sodium Procedure by: Hall
Target Material: Magnesium Time for sep'n: ~8 hours

Type of bbdt: 7.8 lMev deuterons Eguipmen@ required:
Yield: ~50% . 50 ml rhillips beaker
tield: 7 ’ ion exchanze column
Degree of purification: ~103 automatic sample changer
100x15 mm test tubes
(Artnur [, Taomas Co.,

Voe 9L46)

aAdvantages: carrier free
separation for Lmm B-counting

Procedure:
(1) Place 1 m] _con HZSOh in 250 ml rhillips beaker and add
tracer Na<? (see remark 2 ), Introduce tne g target
(~20 mg) and ilylar substrate. lleat strongly to de-
compose the Mylar.

(2) Cool, add several drops of 30,5 Hp0Op and reheat. Repeat
until a.clear solution is obtained.

(3) Fume off excess Hp3C, and add 10 ml water. Illeutralize
(to pii~4) by adding an excess hizh purity ig.

(4) :ibsorb onto Lowex 50 column (H'Y -orm) at a flow rate
of 2.5 sec/drop. Rinse the column with 10 ml of water.

(5) Zlute with C.5 I, HC1 at 2.5 sec/drop, collsecting the
eluates in clean 100x15 mm test tubes. Assay in
scintillation well counter to determine the elution
curve.

(6) Test sodium fractions for Mg* with quinalizarin spot
test (see remark 3 ).

7) Lvaporate tie most active fractions to dryness., Take
L .
ug wit.s: water and transfer to Lmm plates.

Reuwar<s:
(1) General refererces: J. Beukenkamp and .. Rieman I1II,
inal. Chem., 22, 552 (50), and V. J. Linnenbom, J.
Chem. Lhys. 20, 1657 (52). =

(2) The tracer 1s adued for the purpose of deterwining the
chemical rield.

(3) Reference for quinualizarin test: Feigl, Jualitative
analysis by Spot Tests, 3rd ed. (L.ew Yorx, 1946), p. 172
(4) Use conductivity water to mu<e up solutions, ctc.

IF'iz. 22. Procedure for tie chemical separation of sodium
from magnesium targets.



The elution curve is most easily obtained by
counting the test tubes themselves in a scintillation
well counter. (The one used in this laboratory was a
Nuclear-Chicago model DS-2,) This eliminates the ne-
cessity for taking aliquots of the fractions and making

. . RR=2
separate counting samples. The i:a L

starts to appear
in the eluate after about 500 ml of eluant has passed
tnrough,.

A bombardeert to check the chemical procedure was
obtained using the window box probe described on page 17.
dligher intensity beams by a factor of ~100 are available
here compared with the bombardment chamber and hence
lar er amounts of activity can be produced. The magnesium
was irradiated in an aluminum envelope (without the plastic
substrate.) The purified sodium fraction was counted on
tne spnerical Lr counter and the decav shiowed two components:
'a22 24

the 2.6-year i and the l5-hour .a as expected. o

other nalf-lives were detected.

Fnosphorus from Sulfur Tarscets

A unique application of ion excnhnange resins has been
developed by kiclssac and Voigt {(77) for thne carrier free

separation of phosphorous from neatron irradiated sulfur.

+++

4

wowex 5C was first converted to thie Fe form, and tinen
amoonium hydroxide was passed t.rough the column precipi-
tating ferric hydroxide. :ladiocactive phosp.orous is known

to be carried by ferric hydroxide, so when an active solution
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was passed through tnis column, the phosphorous was
absorbed while the sulfur passed on. through as sulfate.
The column was then rinsed free from sulfate with water,
and the phosphorous removed by eluting with dilute sodium
hydroxide solution., The effluent was channeled directly
into a Dowex 50 column in the H* form. By this means the
sodium was removed by the resin, and a carrier free
solution of radiophosphorous was obtained in aqueous
solution. Bio*Rad resin AG 50-£{7.5, mesh sized 20-50,
was used. The details of the preparation of the resin
columns are given by licIsaac and Voigt. (77)

Figure 23 shows the procedure as finally adopted.
The dinitial sulfuric acid-peroxide treatment destroyed
the polystyrene target support. The bromine-carbon tetra-
chloride mixture dissolved the elemental sulfur and
converted it to sulfate. (78) In the avsolute cross
section runs it is important taat the mixture not be
heated too strongly as phosphorus mayv be lost from sulfuric
acid solutions at temperat ires awnove 150O C.(79) The
neutralization step yields a solution identical to the
one with which licIssac and Voigt startede.

The problem of complete interchange of the added
P33 tracer and the P32 produced in the cyclotron deserves
censideration. There are available a number of valence
states and molecular species among which the P32 and P33

atoms might distribute themselves., A\ separate experiment

to ascertain whether or not 100 per cent interchange



was accomplisiied did not seem to be worthwhile in the
light of several other expsrimental difficulties with
trnis element. (The targets were not uniform, the sulfur
tended to vaporize under Lombardment, the P33 tracer was
impure, resolution of the decay curves was difficult, and
tie use of hot sulfuric acid may have resulted in losses

of PBZ.)

The strong oxidizing conditions used in the
dissolution step assures that the phosphorus is in the
+5 state, and it was only assumed that interchange then
occurs rapidly.

sulfur was bombarded in an aluminum envelope on the
window box probe in order to test the chemical procedure,
The target was cooled two davs before processine it
c.remically. o plastic film was present in this case.
The decay curve s':owed the presence of only the single
14 .,3~day decay of P32. An aluminum absorntion curve did
not give any evilence for the beta ray of P33 waich could

~33
) .

£0581ibly come from an (n,p) reaction on

Scandiim from Titanium Targets

Carrier free scandium separations from calcium and
titanium tar ets have boen r=.orted .y 3ile et al. (£2) and
others. (20, 71} ‘/men a clear alkalise "solution" containins
tracer amounts of scandium was filtered through filter
paper the scandium was retaiﬁed by the paper as a radio-

colloid while the other activities passed on throughe.
(5]

The scandium was removed with dilute aydrochloric acid.
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Element separated:-Phosphorus Frocedure by: Hall
Target Material: Sulfur Time for sep'n: ~8 hours
Type of bbdt: 7.8 Mev deuterons Equipment required:
Yield: ~20% 250 ml Fhillips beaker

Degree of purification: ~103 automatic sample changer

Advantages: carrier free
separation for 4w P-counting No. 9LL6)

Procedure:

(1)

CHEMICAL SEPARATIONS

ion exchange columns

100x15 mm test tuoes
(Arthur H. Thomas Co.,

Place 2-3 ml_con Hp53C, in 250 ml ©.:illips beaker and
add tracer P33(see remark 2). Introduce the S target
(~70 mg) and tiae polystyrene substrate. add several
drops of 304 HpO02 and hzat gently to decompose the
polystyrene (see remark 3).

Cool and add 25 ml of a 2:3 .uixture of Drp-CCl,. Let
stand 30 iminutes to dissolve the sulfur. Add imore
HgSOh-HZOZ and hcat gently to complete the solution.

lieutralize to pi~6.4 with solid NapCO3 and dilute to
SOO ml,

(L) Absorb onto Dowex 50 column in Fe(CH)y form at a flow
rate of 1 sec/drop. Rinse with 50 ml” water.
(5) Elute with 125 ml 0.125 N NaOil at a flow rate of
1 sec/drop, cnannelling The effluent directly into a
Yowex .50 column in H* form. Collsct the 2luates in
clean 100x15 mm test tubes. Assay in a scintillation
well counter to determine the el:tion curve.
(6) Test phosphorus fractions for 50,~ with Ba**,
(7) Lvaporate the most active fractions to dryness. Take
up witnh water and transfer to 4o plates.
lemarks:
(1) General reference: L. J. 'cIsaac and A. Voigt, I53C=-R71,
(June 1952),
(2) The tracer is added for the purpose of Jdetermining the
chemical vyield.
(3) If the Hp30, solution is heated to fumes, some Pohf
may be lost.
(4) Use conductivity water to make up solutions, etc.
Fize.e 23. Procedure for t:e ciemical separation of phosphorus
from sulfur targets.
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In this work three cycles were found adequate to give the
desired decontamination.

It was discovered t.at Woatman No. 50 hardened filter
paper is superior to either of the papers recommended in
the references. =« certain amount of organic matter was
extracted along with the scandium when the other papers
were treated with hydrochloric acid. This did not happen
when the hardened paper was used.

The detalls of t.e adopted procedure are given in
firare 24. (ne problem that Gile, et al. (72) did not
mention was tat of kee_ ing the titanium in solution at
pH €.5. The hydrous oxide tended to precipitate as soon
as the piH was raiced to ~3, It was experimentally found

!

t.at this can be overcome Ly adding sufficient hydrogen
peroxide which is reported to form a peroxide with titanium,
(£3) Heering the solution dilute also helps to grevent
the precipitate from salting out.

In this case tiere is little cauase for concern about
complete interchansge, as scandium exists in only the O or
+3 state. Thus tne initial oxidation assures that all the
scarndium 1is in the same form and thorough mixing of the
tracer and (d,a) product can be assumed.

The chemical rrocedure was evaluated by a window
box probe bombhardment of titanium. Three cycles of the
procedure resulted in a sample which decayed with an
initial ~3,5-day half~life tailing into an “5-day component.

The f-ray spectrum, as observed on the [-ray survey



CHTNICAL ZEFARAITICNS
Llement separated: Ccandiun Procedure ovyv: iall
Target laterial: Titanium Time for sen'n: ~5 hours

Tyre of bbdt: 7.& lev deuterons Zggipm»n@ required:

i . 5C ml F :illips beaker
v ie ~ L

Yield: lO,.) micro vell ,dr‘

Degree of purification: ~1GR .. U0 iirsch funnels

rlx;u.t;x all Ll e 50 flluer

paper, pHydrion (short
range) pH paper

aGvantages: carrier free
separations for lur f-counting

I'roceaire:

(1} 1lace 1 .1 ccn “2 Uy 1in 250 xl .1illips beaker and
aid tracer 5ckO(Jee remark 2 ). Introduce tiae Ti
target (~130 nmg) ard the Zylar s:bhstrate.  feat
strongly to uzccugose tae lear.

(<) Zool, add .everal drous of 30 d2Cp, and rehsat.

itepeat until a clear uolutlon i3 obtainec above the
anattacxed Ti.

PSSR,
E

(T) add 1C ml 12 1 1580, cc.taining 5, 16 7 L03. leat,
keeping tne . .03 reglenished until tae “1 is all

to 100 ml and nszutralize to pi 7.5 {use

e
geyarion poper, vith a 1:15 wmixture of 30, HpGp and
S ?H%'u. add enown1 excess HpUp to keep the Ti in
A
solwtiodn.

(5) Pilter twice turosg ti2 same abtian o. 50 filter
paper, sing sdctior. ush tares times with 3 L NH4CL
at gl .5,

(0} Hewove lc witn ceveral pertions of ot 3 N IC1.

(7) "epoat cteus by »oan. © twice, except in final cvcle
<36 Cunauctivity wator at pd .5 to was.. the Le
"precipitate”

() Jvaporate to dryness. ~eutroy organic suabtter wsith
aqua rela. Taxe wp with water ard trancfer to lr
~lates.

fenarks:

(1) Genersal reference: J. . Gile, =t ale, <. SHC.. :0YS.
1&, 1885 (507,

(2, The tracer ic auled for t .o irpcse oi astermining the
cnewmical yicld,

(3, Usc cundactivity water to made 1» soluticzns, etce.

Io. 24 srocadure {or tie chemical secaration of
sCcantie from viteniur.
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Spectrometer (&4) was consistent with the expected radiations.
The Y-ray spectrum obtained with a scintillation spectro-
meter (&5) also showed the expected peaks at 0.9 and 1.1 Mev

for Sché.

silver from Cadmium Targets

from a consideration of the data presented Ly Hicks
et al. (86) it was thought t.at a rapid carrier-free
separation would be possible for silver. They indicate
tiuat tracer quantities of silver can be separated from
cadmium, indium, pallédium, etc. Ly eluting tracer
quantities of silver on Dowex 2 with 6 - 9 Lk aydrochloric
acid, while the other ions remain on'the column. However,

111 and Aglll in this

it was not possible to separate Pd
way wien tried in tue laboratory, which cast suspicion on
the method. (Lvidently their data was obtained using a
btad batch of resin ( 7) which explains why tneir results
could not be reproduced here.)

ltext the procedure of Haymond et al. (°2) for the
carrier free isolation of silver from palladium targets
was tried. They claimed to have co-precipitated tracer
silver with mercurous chloride., To 500 ml of C.5 W
hydrochloric acid solution of the palladium tar et
containing rnodium and ruthenium carriers threy added
Ue5 ml of saturated mercurous nitrate to precipitate the
cniloride. Jﬁowever, wnen this procedure was tried here

using irradiated cadmium plus various holdback carriers



éuch as Gu, Zn, Ga, In, Pb, and Bi, very little silver
réct1v1ty coprecipitated with the mercurous ‘chloride.

(The presence of active silver was demonstrated by
 precipitating 51lver cnloride from the mercurous chloride
supernate and following the decay of the silver chloride.)

It was, noped to sepdrate the carrier mercury from the

311ver subsequently by an anion column procedure. However,/
repeated experiments.ﬂailed to yield success in isolating

tae radiocactive silver, At one stage it was noted that
whenever’palladium is present in the solution, the

© mercurous chlprida_,precipitace turns black. Thus it may .
have been that the mercurous species reduced the palladium to
the uetgl which 1n turn carrised t! e silver in this prOCedure.

itather than spending more time develoylng 4 carrier-

freemseparay;pn‘it was degided to resort to the addition of
silver carrier. A good clean, fast procedure based upon the
‘rapid exchange of radio-silver with inactive silver chloride
suspended on a platinum gauze was developed in this
laboratory by Sunderman and HMeinke. (€9) This, together
with a more standard precipitation procedure developed
for use with the Aglm+ mass assignmeént problem (Part II
of this thesis) was used in the cross section work. The
discussion of the latter procedure is given in Fart IT.

Here again the questidﬁ of exchange of carrier and
trace amounts of silver is no problem. In fact the very
rapid rate of héterogeneous exchange betwéen the solid

silver chloride and Ag+ in solution hasrbeen the subject of
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study 1 (89:- 90) It has been reported that silver ions
tend to absorb on the walls of glass conﬁainers. (91 - 92)
This effect is precluded by addition of silver carrier

to the vessel before dissolving the target.

That the exchange separation does, in fact, give good
decontamination from the other cadmium bombardment products
was shown by a separate bombardment at the window box
position. Cadmium foil of 99.99 per cent purity (Belmont
Smelting and Refining Works, Incorporated, Brooklyn, New
York) was backed with Reynolds Wrap aluminum foil and
vombarded for about Z/Aa-hr. The silver was separated
and its decay followed. It showed the presence of just
tne same components that were found in all the previous
work using the well tested silver chloride precipitation

procedure (Part II of this thesis).



De Absolute Beta Counting

 Summary of Exdisting Methods

The problem of determining the rate at which a radio=-
active source decays in terms of actual disintegrations per
unit time has been the subject of a great deal of study by
many workers over the past decade . Manov (93) has presented
a concise summary of the status of radionuclide standardi-
zation as of April 1, 1953, The warious avenues of approach
éroup themselves into three broad classifications. In the
first method a measurement is made of the rate of energy
released by the radicactive nuclei and the disintegration
rate 1s calculated from this datum and a knowledge of the
average energy per disintegration. Secondly, the coincidence
counting rate of a sample may be related to the disintegration
rate without knowing the efficiency of the detectors for the
various radiations emitted, Finally, the particles ejected
from the nucleus may be counted by a detector whose
"counting efficiency" (defined as the number of counts
recorded under particular conditions of geometry, scattering,
absorption, etc. for each disintegration) i1s known.

1. Rate of Energy Release. Myers (94) has written

a review article on the subject of calorimetric methods
of measuring the heat emitted from a radiocactive source.
The rate of evolution of heat dQ/dt, the average energy per

disintegration £, and the disintegration rate dN/dt are

related as follows:
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- g, | (7)
The'radiation must be completely absorbed in the calorimeter.
Very inteﬁse Sources are required to give off enough heat

to be measured accurately. Since the limit of senéitivity
of most calorimeters described is 0,001 cal/hr, this means
about 20 mC (prlQ9 disintegrations/min) of a 1 lMev f-emitter
is réquired for 1 per cent acdﬁracy in determining dg/dt.

This follows from the equation given by Livers:

)

o

1l cal/nhr = curie (

H

E

whe re E_is expressed in million electron volts. The sample
must decay slow enough to permit the heat measurements to

be made. Thus @ practical limit for the half=life is ~1 day.
As an example of the application of this method, the dis-
integration rates of P-% (95 - 97), H> and apl98 (97) have
been determined.

A}method related to the calorimetric standardization
has been described by Loevinger (98) and Gray (99) in which
the ionization produced by B particles is measured in a \
cavity type chamber. The disintegration rate can then be
expressed in terms of the ionization produced, the averége;
energy of the B particles, and the average energy expended

p3<

in the production of one ion pair. has been standardized

in this way. (99)

2. Coincidence Counting. This method has been described

by D&nworth,(lOO) Barnothy and Forro (101) and others (102=103)
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‘who give good treatments of the procedure and the errors
1nvolved. Two . counters are arranged so that the first
,detects only one type radiatlon from the source (e. E. beta
rays) and the second detects only radlatlon of a different
kind (e.g.’gamma-rays) or of a different energy. If the
decay scheme of the nuclide in questlon is known (there must
be at least two dlfferent radiations involved in the decay)

a relatlon may be derived between the disintegration rate,
the coincidence counting rate, ahd the single counting rates.
For instance if the nuclide decays by B--emission followed

by a Y~ray transition to the ground state, the disintegration

. rate is given by

N
av . Yy (5)
dt NBY . _

where Eﬁ and §Z are the single counting rates and ﬁﬁz.is
the coincidence rate. ' The source must be fairly intense:
~107 disintegrations/min for a long-lived activity. This
and certain other conditions and corrections serve to
detract from the usefulness of this method. However, it
is capable of high accuracy {~1 per cent) for those cases

in whiech the requirements'caﬁ be fulfilled, e.g. Coéo. (104)

'3. Particle Counting with Known Counting Efficiency.

This method merits special attention hecause it has been used
widely. L. R. Zumwalt (96, 105 - 106) has described the

manner in which the disintegration rate is derived from the
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observation ¢of the counting rate in end-window Geiger-

Mueller counterse.

(c/m)

in which
(c/m)
(d/m)

W

The counting rate is expressed as

(a/m) GfoAfoHfS - (10)

counts/min

the actual

detected by the counter,

number of disintegrations/min

in the sample,

the solid angle geometry of the source

and the counter;

the factor
absorption
the window
source and
the factor
scattering

the factor

for the efféct of the

of the 5eta particles by

and the air between the

the window;

for the effect of air in

beta particles into the counter;

for the increase in counting

rate due to backscattering from the

sample mounting

the factor
the source

the factor

the source

absorption

absorption

for the scattering effect of
support structure and housing;
for the effect of the mass of
in causing both scattering and
of beta particles (self-

and scattering).

Sometimes a sample is first standardized by another

means, €.g. coincidence‘counting, and then counted in the
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particular,aetection arrangement to be used. The counting
efficiency is thus determined for a particular nuclide and
detection arrangement. If this is not done each of the

factors in equation (10) must be separately determined.

In addition account must be taken of the decay scheme,

i.e., contributions to the counting rate from X-rays, con=
version electrons, etc. Thus an additional factor should

be included in equation (10) expressing the probability that
a count is registered once one of the radiations from the
source enters the sensitive volume‘of the counting tube.

Of course Lhe observed counting rate must be corrected for
background and dead time losses.

Many refinements have been made in this basic method.
(107 - 121) This technique has been employed in the de-
termination of cross sections (14,111,122 - 124), specific
activities (125) etc. The accuracy_of such determination
is limited by the "absolute!" counting error of 3 - 20
per cent.

Anotier extension of particle counting with defined
efficiency is to place the sample within tae detection
chamber. With the active_species in the gaseous form
Livby (126), Eidinoff (127 ), Bernstein and Ballentine (128)
have counted Clz+ and H3 by incorporating them into the
counting gas. Professor H. R. Crane (129) has counted Clh
as carbon black in an internal counter. The source may be

deposited on an electrode, placed in a vacuum and the
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charge carried'away measured. ( 130-132 ) .Nearly lar
geometry is achieved in this case buﬁ intense sources are
required.. A screen wall counter is capable of 5 - 10

per cenﬁ accuracy when the activity is placed on the wall
of the chamber. (135) With the sample on the bottom of
an intefﬁal flow counter, the solid geometry factor alone
is 2w, but absorption and scattering prdblems are still
present; (136-141 )

The method of "4mr counting'" has recently received a
great deal of attention. This is really a refinement of
the pafticle.counting techniques diécussed in the last
three paragraphse. An advantage is gained by the elimination
of the problems of scattering and, to a large extent,
those of absorption. The principle is that the sample is
surrounded by the detector's sensitive volume such that
one disintegration produces only one count regardless of
the decay scheme, particle scattering or seconaary radiation.
The method is highly sensitive, so that low intensity
samples may be counted, ~l1l0 disintegrations/min being the
limit of detection-{{for counting volume of ~250 cmB)ﬁ
Very recently scintillation techniques have been used to
obtain 4 geometry in which the source is either
sandwiched bepweén two crystals (134,142 ), or dissolved
in a liquid scintillator. (143) Much more work has been
done with solid samples placed inside a gas filled chamber.
It is with such an arrangement that the present work has

been déne.
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Tha,;eéhnique of absolute B-ray cbunting using an
intefnalkﬁn proportional counter possésses several ad-
vantages over the other methods. As'mentionéd above the
effect of B-ray scattering upon the counting rate is
eliminated. If the source can be obtained in a solid-
free state there will be no self-absorption correction.
Absofption in the sourde mount may be determined, and
‘usually amounts to a small (O - 5 per cent) correction.

Especially important in the study of low yvield nuclear

‘reactions, such as the (d,c«) reaction, is the detection
-sensitivity of ~10 disintegrations/min which may be
“obtained. The probébility that a count is registered
once a P-ray enters the sensitive volume 1is essentially
unity (to within ~1 per cent) if the electric field in
the chamber and the proportional amplifier are properly
adjusted. Only if there is electron capture branching,
( 144) or if there are delayed states involved in the
transition which have lifetlimes comparable to the counter
resolving time (~5/*sec)'will there be any major discrepancy
between the éounting rate and disintegration rate,

" In the past the usual procedure in applying L counting
techniques to bombardment work for the determination of
absolute disintegration rates has been to employ them %o

calibrate an end window Geiger-Mueller tube. The counting

of the bombardment samples is then done with the calibrated

counter. In this way the same corrections for back=-
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scattering, geometry, etc. must be applied as in Zumwalt's
technique. The innovation in the present work was the
direct application of lv counting to bombardment work in
which the decay of samples containing several components
{of differing half-life, B-ray‘energy,‘etc.)‘was followed
with the lav counter. Thus absolute decay curves were
obtained, subject only to small corréctioﬁs discussed
below. It was felt that the L method was exploited -

to better advantage in this way, Sy the elimination of
scattering and geometry corrections. Since this research
was undertaken the Berkeley group (145 - 146) has reported
some absolute cross sections by following the decay of

11 2k in the v+ counter, but no chemical separations

C and Na
were performed on the target foils and only one component
decays were encountered.

A description of the various 4m internal counters which
have appeared in the literature has already been given on
pages 35 and 36, tosetner with the references. In addition
to those, the University of Michigzan (147 - 148) and the
Massachusetts Institute of Technology (149) groups have
reported valuable information. The work of Pate and
Yaffe (lSO - 152) is particulérly important in connection
with the specific techniques of lar B-ray counting.

The particular form used in this work has been discussed
on pages 36 - 42 and‘ﬁas pictured in figure 15 and 16. The

following sections deal with the details of the procedure

that have been worked out. First the methods used to
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fabricate thiﬁ Plastic films for use asISQurce mount s

will be given. The measuremént of the thickness of these
films and the film absorption correction will then be
treated. The self absorption problem and the effect of

a conducting coating of the source mount will be considered,
A discussion of the amplifier gain and;diserimination
levels at various anode potentials will follow. The
experimental estimation of the“ﬁéad time of the counter,

and finally the application of these techniques to the
counting of National Bureau of Stan&ards samples will

be presented,

l. Plastic Film Preparation. As described on rage 36,
the activity was placed on a thin Plastic film covering a
1/2 inch hole in the center of the aluminum sample plate.
The active solution was pipetted onto the film and dried
with the aid of an infra red lamp and hot air current from
a hair drier. The deposit was usually covered with
another layer of film to prevent contamination of the
~counter, |

Several commercially available plastics were tried,
including 1/4 mil Teflon, 1/4 mil rubber hydrochloride,
and 1/4 mil aluminum-coated Mylér. These proved unsatis-
factory for absolute counting because too large a fraction
ofweak beta particles are absorbed in this thickness of film.

Fabrication of films as thin as 2Q/4g/cm2 (several

hundred fold thinner than the commercial film) was carried
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out in the laboratory. ‘Several techniques have been
worked out and réported in the literature. (149 - 153)
Especially hélpful was the report of Fry and Overman.
(149) Their method of floating a solution of the plastic
on water and picking up the film thus formed on a wire
frame was adopted in this work. The apparatus, similar
to that used by Professor M. L. Wiedenbeck and cowdrkers
is illustrated in figure 25. Best results are obtained
if cold fresh tap water is used for casting the films.
The surface is first clecaned by drawing a brass bar across
ite Next the wire frame is immersed beneath the surface
and suspended from the shaft of a 3 rpm synchronous
motor. Four drops of the plastic solution are pipetted
onto the water and the solvent allowed to evaporate.

The frame is then pulled up out of the water vertically
by means of the motor, picking up the film as shown in
figure 25. The double layer thus formed will henceforth

be referred to as a single lavere.

The film is transferred from the frame to a 4
counting plate by lowering the film onto the plate.
The two are forced together with an air jet by blowing
through a glass tube, as in figure 26. The film must
be wet for good adhesion. Figure 27 shows how the film
is cut around the edges of the sample plate. A wire

dipped in solvent, makes an excellent "knife".
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Fig.?5 Apparatus for Making Thin Plastic Films.

Fig.26 Mounting the Film Fig.?7 Trimming the Mounted
on a 4 pi Counting Plate. Film.



~G B

aeveral plastics may be used to make the films.
These have been listed by 51 tis (153) along with re-
ferences on their fabricaticn into thin films. New
techniques for use with VYNS resin (a polyvinylchloride-
acetaté~cépoiymer obtainable from Canadian Resins and
Chemicals Limited, Montreal, Quebec) have been developed
by Pate and Yaffe. (11,7)> Formvar E (a polyvinyl éceta1
obtainable from Shawinigan Products, New York) may be made
into films by floating a 1 per cent solution in ethylene
dichloride on water. Although these films are very strong
mechanically, acidic solution attacks them. For this reason
Zapon films (pyroxylin lacquer obtainable from Arthur S.
LaPine and Company, Chicago, Illinois) were used for
routine absolute counting. A solution of Zapon, Zapon
thinner, and amyl acetate in a volume ratio of either
1:1:1 (33 per cent Zapon) or 2:1:1 (50 per cent Zapon)
was used in tnhis case.

The thickness of the film can be varied by using a
solution of different concentration or changing the
number of drops to form a film. A more practical ex-~-
pedient was to laminate several layers together to make
thicker films, One layer was addedfat a time. Care must
be exercised to prevent air pockets from forming between

successive layers especially in the center.

2. Film Thickness Measurement. Pate and Yaffe (147)

have summarized several ways of determining the film



thicknesé.“OptiCal.methods.(33,154-156)’both by interference
of:reflecﬁed“light*and”by“iight absdfpfidn; were the subject
of & few trials. Since the’optical equipmént was not
readily available in this laboratory, this method was not
exploited.~ The obvious procedure of weighing a given
‘area of a uniform film waQ«found difficult to apply due
to the very small mass (as low as 20/4g) of tne films.
The absorptiqn of weak B. particles, such as from N163,
described by Pate and Yaffe { 147) is the easiest and
quickest of the techniques to apply and was finally adopted
for routine use. A

The surface density of a few films was measured
gravimetrically using an Ainsworth type FDJ microbalance.
The films weré mounted on a weighed sample plate and the
weight of the film found by dif ference. At first great
difficulty was encountered establishing rest points to
bettér than *+ 10 ug. Finally a procedure was evolved,
based upon the work of Hillig (157) and Hull (158), wherein
a weighing can be made in a period of about 4O minutes to
a precision_of * %/Ag. Results of these determinations are
shown in Table IV, Films‘Belonging to the same batch
number were made under identical conditions. The 1193
Prray transmissions of the weighed films are also presented
in the table. Fiims 8-18 show the effect of improved
technique. Note that the surface densities of film 8-13
may be averaged to give 18,0 + 1, Q/Ag/cm , and f;lms

14-18 show that the surface density per layer is.
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19.4 » 1.3 /u g/cm®, Thus individua_\l films may be made of
the same thickness to within 7 - 8 per cent as determined
gravimetriéally. It will be sﬁown in the next section
that even an & per cent difference introduces no éppreciable
error in the film absorption correction.
In the application of the N163 B=-ray absorption
technique the output of the lower half of the Borkowski
kv chamber was connected to the proportional counter
rather than employing a "conventional hemispherical
2m-proportional counter,” as Pate and Yaffe (3,7) did.
The N163, deposited on a one inch aluminum disk and covered
with two layers of Zapon films, was placed face down on
the film to be measured, and the 2 counting rate determined.
Since the beta transmission is determined over a small
area in the center of the‘film it is not subject to peri-
pheral irregularities and changes in support weight, and
should be a much better estimate of the reproducibility
of films from the same batch. ‘
The results of the N163 absorption measurements are

‘presented in figure 2%, The points shown as squares were
obtained frqp.films‘whose-thicknesses had been determined
gravimetrically. For instance, the thickness of film numbers
8-13 were averaged to give an x-coordinate of 18.0 + 1.5

” /Qg/cmg and their transmissions were averaged to give a
y-coordinate of 0.830 + O0.004. The weights of films 14,
15, and 16 were the aVerages of two sets of weighings

which took place nine months apart. The uncertainties
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Table IV, Surface Density Data for Films made from

33 per cent Zapon Sclution

Film Batech Npg?er Weight Areg gggggg; Byiii
or Nou Layers () (an) (jq/en’y SEARSMSLon
1 1 1 32 5,06 6.3
2 1l 1 20 5.06 L,O
3 1 1 25 5,06  Le9
L 2 1 42722 5.06  8.3-14:2%

5 2 1 79-89% 5.06 15:;6=17.6%
6 2 1 69-90% 5.06 13,6-17.8%

7 2 1 52-97% 5,06 10.3-19.22
8 3 1 878 L5.60 19.3 0.832
9 3 1 661 L5.60 1hL.5 0.836

10 3 1 867 L5.,60 19,0 0. 827

11 3 1 772 L5.60 16,9 0.£32

12 3 1 369 L5.60 19:1 0. 821

13 3 1 872 45,60 19.1 0.831

14 L 1 1029~10282 4,5.60 22,6-22.6% 0.843+0,009

15 4 2 1648-16H82% 5,60 36.2-36.22 0.825+0.022

16 4 3 2670-26642 L,5.60 58.6~58:52 0.792+0.020

17 A 33662 45,60 72.5% 0.76020; 010

18 L b L5460 93.2% 0.75420.012

4251&

& The weight of the film plus aluminum plate was
redetermined at a later date, giving the second number.
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indicated in the y-coordinate represent the average
deviation of two determinations. The points shown as
circles in figuré 28 correspond to the upper'k;a;iswwhich
displays the number of layers of films made by lamination
using 50 per cent (2:1:1 volume ratio) Zapon solution.,
Thé uncertainties indicated in the y~coordinate fepresent
the average deviation of at least two different films.
Note that the films made from equal numbers of layers

63

give the same Ni transmission to within less than 2

per cent (average deviation). The adjustment of the

scales of the x-axes is a more or less arbitrary normali-
zation of the upper, relative scale to the lower, absolute
scale. 'Figure 28 may thus be used to obtain the approximate
63

thickness from a measurement of the Ni B-transmission.

3. Film Absorption Correction; A certain fraction of

the beta particles emitted from the source will be absorbed
in the film between the source and the bottom half of the

chamber, ‘Whether or not this fraction is significant

depends on the backing thickness and the shape and end-
point of the beta spectrum.,  The correction can be assessed
in several different ways.

Seliger and coworkers (47, 159) at the National Bureau
of Standards have treated this subject by a consideration
of the number of particles detected in the top and bottom
halves of the 4 chamber both separately and together,

From the resulting analysis they have derived an expression
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for the fractional absorption in the film which is
related to the absolute disintegration rate. The
analytical treatmeng is complicatéd by the mény energy-
dependent scattering\énd absorption considerations.
Thus they had to make certain assumptions which cast
doubt as to the validity of their treatment.

Hawkins, et al. (52) at Chalk River made the
correction by placing a filmkon top of the source in
such a matter as to sandwich the source between two
identical films. Their films consisted of IOO/ug/cm2
of plastic coated with 50/4g/cm2 of gold. No account was
taken of the radiation scattered from the walls of the
chambers. The reduction in counting rate which occurs
wien the second film is placed on top of the source was
considered to be the correction. This is equivalent to
extrapolating a plot of the counting rate ys film thick-
ness to zero.

Cohen (45) did essentially the same thing as Hawkins
except that he used much thicker films. A 7.76 mg/cm2
thickness of aluminum was placed over the source (waich
itself was approximately 6 zﬁg/cm2 thick) and the counting
rate was determined. Next another sheet of aluminum was
placed under the source and the counting rate redetermined.
Assuming linearity bf the resulting absorption curve the
the appropriate correction was made.

Smith (4&) showed that this "sandwich" technique is

unreliavle., He states that the true correction is closer
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to that obtained from a linear extrapolation of a plot of

‘ ,activity ¥s thicknesg of the source backing. Increasing

numbers of aluminum films, each 260-/4g/cm2 thick, were

used to vary the thickness of the source backing. He also
gives a more complex mathematical treatment of the "sandwich"”
technique, which if applied should give results in agreement
with the linear extrapolation technique.

In determining half lives by measuring specific
activity, MacGregor (144) and Sawyer (145) corrected for
film absorption at the same time as self absorption.

They made up a series of samples varying both the source
and surface density of the film. The specific activity

was determined for each of these samples and was plotted vs
the total thickness (sample plus backing). A linear extra-
polation was then made to zero thickness to determine the
true specific activity. MacGregor's film varied from 15

to 6§/xg/cm2.

Houtermans and coworkers (43 - 44) followed a similar
procedure. The source deposited on a film 30 - A»O/ug/cm2
thnick, was covered with aluminum foils of varying thicknesses.
The resulting absorption curve was extrapolated to zero
absorber. The thinnest aluminum foil they used was ZAO/Ag/cmz,
however, and whether the slope of the curve remains unchanged. .
below this value is opeh to question.

A consideration of these different methods led to the
conclusion that the best way to make the source mounting

correction is by the absorption curve technique. If the



-106m

thickness increments are of the order of lé/ug/cmz the
extrépolation is only o¥er that thickness which is the range
of ~2 kev electrons. (33 ) During the course of this work
a paper appeared by Pate and Yaffe (147) in which they
arrive at essentially the same conclusion. They present
data demonstrating the validity of the absorption curve
method and the erroneous results obtained when either the

sandwich technique or the method of Seliger is used.

The procedure used in this work was the following.

A series of samplé plates was made up bearing different
numbers of layers of Zapon films. Equal aliquots of the
radioactive solution were pipetted onto each. After
evaporation of the solution all the samples except one
were covered with an additional Zapon layer to prevent
loss of activity. The one uncovered sample had only one
layer of source backinge The samples were then counted
several times during their decay in order to detect any
changes in the absorption curve as different components
decay out of a complex mixture. Decay corrections were
applied (using the effective half-life during the period
of measurement) to normalize each absorption curve to
one particular time.

Figure 29 shows an absorption curve obtained in this
laboratory from P32 ﬁreviously standardized at the National
Bureau of Standards. Here, as in the rest of this work,
the number of layers of Zapon film is plotted along the

x-axise. This is justified by the fact that successive
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layers of films éan be made equal in th;cknéss to within

~8 per cent as discu#sed previously. Since the curves so

obtained nre<veryvnéarly flat, a fairly large error -

cerfainly,more than & per cent - in the value of the thick-

ness can be tolerated. The points repreéent averages of

two detérminations taken four weeks apart. As can be seen

from ﬂhe figure there is no evidence of a significant slopes
It will be noted that an aliquoting error is inherent

in each point of the absorption curve. A separate experiment

was dong to evaluate the magnitude of this error. Aliquots

60 solution were taken with micro pipettes which had

of a Co
been coated with dimethyl-dichloro silane (variously called
Silgon, Drifilm, Desicote, etc.). ( 160-161) (These specially
treated pipettes were used throughout this research.) The

pipettes were rinsed with water after each filling and the

FILM ABSORPTION CURVE OF NBS P32
(CYLINDRICAL 47 PROPORTIONAL COUNTER)
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Fige. 29, Film absorption curve of P32 standardized at the
National Bureau of Standardss -
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rinse was added to the sample. The counting.wééwaégé with

the scintillation well counter. The results are given in
Table V. The first part of the table shows that essentially
all of the active solution is removed in the initial transfer.
However, for the rest of the work, one or two rinses were
used to be on the safe side. The second part of the table

shows the reproducibility to be better than *+ 2 per cent,

even for multiple fillings in which there was no rinse until

60

after all of the Co solution had been transferred.

Table V. Aliquot Reproducibility

Pipette Vol. gdj Vol. taken 9@) No. Rinses Activity (c¢/m)
_lOQ 100 2 1202
100 - 100 1 1201
100 100 o) 1164
250 250 2 2490
250 250 1 2532
250 250 0 2531
500 500 - 2 L557
500 500 1 4762
500 500 0 4806
100 100 1 722
100 160 1 713
100 100 1 688
100 200 1 1414
100 300 1 209},
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L, Self Absorption. Chemical procedures in which the

element in question is separated in a carrier free state
possess obvious advantages with respect to the problem of
absorption of very weak B particles in the sample itself.
This is a goal which is advocated for cross‘section
measurements in bombardment work in conjunction with &4
B-ray counting.

Hven with carrier free separations there may be small
amounts of foreign material, such as sodium chloride,
picked up during the chemical processing. A quick check
was made to find out roughly how much matﬁer can be
tolerated without absorbing an appreciable number of
B-particles. Cobalt-60 was chosen for this purpose as
its 0,32 lMev B ray represents a lower limit to the 8
energies encountered in the present work. Equal aliquots

of Co60

were pipetted onto thin Zapon films. Varying
amounts of a very dilute sodium chloride solution were
pipetted on top of the activity. No particular care was
taken to assure an even degosit, although insulin was
tried without success. After evaporation of the solution,
the deposits were covered with another Zapon film and
counted. The resulting self absorption curve is depicted
in figure 30, The errors indicated are the statistical
errors of counting (stundard ceviution). rrom this crude

experiment it was felt that a lower tolerance limit may

be set at ~l/?/ug from an inspection of the curve.



This amount of inert material can be observed visuallye.
Therefore if a visible deposit is present'on a sample plate
for absolute counting; one must suspect a significant self

absorption correction for weak B-emitterse.

5. Effect of a Conducting Coating. If the plastic

film used for the source mount is not conducting, there
will be a small field-free space in the center of the
chamber. Thus some very weak particles méy expend their
energy in this region without producing a pulse. There
are two ways 6f taking care of the situation: the film
may be made conducting, or the sige of the hole in the

aluminum sample plate may be made small enough so that the

effect is negligible.

SELF ABSORPTION CURVE FOR Co®°
(CYLINDRICAL 47 PROPORTIONAL COUNTER)
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Fige 30. Self absorption curve of Co .
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Hawkins et al. (52) state that a minimum of 25/ug/cm2
of gold must be evaporated on thin plastic’films covering
a 2 inch diameter hole. ﬁénn and Seliger (159) at the
National Bureau of 3tandards féund'that a low-field

6O:but not for P32

correction is hecessary for Co using
~0,8 inch diameter hole. However, the Bureau's standard-
izations are now all made with 15/4g/cm2 of gold evaporated
on the plastic. (159) With a 1 1/2 inch opening, Smith
(46) used 26Q/(g/cm2 aluminum foils for strong beta rays,
and thin aluminized plastic films for weak emitters.
Meyer-Schiltzmeister and Vincent (44) employed 5 =~ 15/4g/cm2
of copper evaporated onto plastic films over a 0.4 inch
diameter aperture. (Their purpose in using the conducting
coating was other than the elimination of the low-field
effect.)‘ Pate and Yaffe ( 1510 recently made a study of the

_minimum thickness of gold necessary for correct operation.

63 2

They conclude that for Ni and P32 alike at least Z/ug/cm
gold is needed for their 1 and 2 inch apertures. Borkowski
(48) states that as long as the opening in the sample plate
is less than 1/2 inch no conducting coating is necessary.
Since the sample plates used in this work had center
holes 1/2 inch in diameter, it was thought that no
conducting coating would be necessary. This point was

checked in two ways. First, samples were counted that

were obtained from the National Bureau of Standards where

the 4 standardization is done with the conducting film,

and excellent agreement was obtained (better than 1 per cent -
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the details are given later). J3econdly, voltage plateau

curves were taken of Coéo~(the weakest g -emitter encountered
in the present work) mounted both on two layers of Zapon

and one layer of Zapon coated with an evaporated layer of

gold. Pate and Yaffe ( 51 ) considered the existence of a
voltage plateau as a ériterion of the proper functioning
of their lmr counter. Although it was felt that discrimination
plateaus (see next section) constitute a better measure, the
data presented in figure 31 demonstrates that a voltage
plateau is obtained with the cylindrical chambers for C060
either with or without the conducting film of golde.
(Pate and Yaffe's data do not extend to anode potentials
greater than 3400 volts and their sample plates had either
1 or 2 inch apertures. These differences may explain why
they do not obtain voltage plateaus without the conducting
film whereas such plateaus are obtained in the present
work.) Figure 31 also includes a curve of a 3r—Y9O sample
for comparison, mounted on 1/4 mil Teflon, which was used
as a standard throughout this work to check on the day-
to-day performance of the counteres The three curves are
not normalized to the same counting rate on the plateau
because of the confusion of the individual points that
would result;’

In the later experiments (Titanium bombardment s)
gold was evaporated onto Zapon films just to be on the

safe side., The optimum arrangement, for the various
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layers is depicted in figure 32 as determined by trial
and error. The gold is first evaporated onto one film

‘ covering only the central part of the sample plate.

(Pate found it makes no difference to which side the gold
is applied.) Additionai layers of Zapon and the activity

are then applied to the opposite side.

6. Effect of Gain, Tricger and Voltagze Settings.

In both of the instruments used (see the section on 4

Counters, page 35) the amplifier gain is variable as is
the trigger (discrimination) lével. Tﬁe latter defines
the minimum pulse height necessary to trigger the scaler

and hence permits one to eliminate electronic noise.

Voltage plateau curves of Sr-Y90 were taken covering the
full range of gain and trigger settings. For routine
counting a point was chosen on the best plateau. Tor
absolute f-ray counting 3eliger (47) has shown that it is
necessary to take discrimination curves, i.e., a plot of
counting rate VS trigger setting for a given gain and
voltage, to determine the position of a discrimination
plateau. This is necessary for each £ emitter measured
because each one may yield characteristic curves which look
quite different depending on the shape and end-point of
the beta spectrum, complications from conversion electrons,
etc. This necessitates taking discrimination curves at
intervals during the decay of samples containing more than
one nuclide, because as one component decays away the

radiations coming from the sample change . Moreover



-;15_'

electronig changes may shift the plateau or otherwise
alter the settings for "absolute" counting over a period
of several months. |
These curves may be expected to exhibit a linear
rortion, or plateau, which may be extrapolated to zero
discrimination level to arrive at the true éounting rate,
The idea behind this is that in the region of the f-ray
distribution in the neighborhood of zero energy, the
noise level will cover up the true counts as is evidenced
by a sharp rise in the countingurate near zero discrimination
level. This noise is cut out by increasing the discrimi-
nation setting to a point above the noise level. But in
so doing some of the weakest B particles will also have
been lost. It is reasonable to suppose tnat some relation
exists between the pulse height and the probability of
emission of bveta particles with that height. It follows

thatvthe discrimination curve will assume a definite form

SAMPLE FOR 47 COUNTER

ACTIVE SOURCE LAYERS OF

\' 7~ ZAPON

S==zzz-rrrrne | UMINUM
‘\ \ SAMPLE PLATE

| LAYER OF ZAPON
GOLD COATING

Fige 32. Preparation of the L counting plate showing the
arrangement of the various layers.
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in this low energy region, and it may be assﬁmed to be
linear to a first approximation.

In practice the flat portion of the discrimination
curves showed no evidence of a slope for the B emitters
studied covering an energy range of 0.36 = L.2 leve An
example of this is given in figure 33 which shows the
curves for NB3 PBZ. The sample selected for those
measurements was the one mounted on 4 layers and covered
with one layer of Zapon (see figure 29)., The experimental
points have been corrected for—decay. The gain numbers
merely indicate the dial setting on the Nuclear-Chicago
liodel léé scaler. The x-axis is also an arbitrary scale
snowing the actual dial settings - the discrimination
level increases to the right. Note that the disintegration

rate is the same for the three voltages and the three

amplifier gains shown, within the error due to counting
statistics of about 1 per cent for the individual points.
The limits of this error (twice the standard deviation)

are indicated on the figure which applies to all of the
points -~ this avoids the confusion which would result

if the error of each point were plotted. This error could,
of course, be reduced by increasing the number of dise
integrations'éounted for an individual counting rate
measurement, but limitations of time available for these

curves dictated the duration of each measuremente.

7. Dead Time Correction. Another possible source of

error arises from the fact that an event which produces a
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Pulse will render the counter insensitive for a finite
period célled the dead time. In proportional counters
this dead time is relatively short =- typically of the
ordgr of ﬁ/&sec - which means that it is possible to
record very high counting rates:without significant
coincidence losses. Since the present work involves
following the decay of samples over large variations
in couﬁting rate, this émall dead time is of particular
advantaée..

The determination of the dead time has been adequately
| treated in the literature. (162-166 ) The available methods
of measurement group themselves into three classifications.

First, there are the paired sample techniques developed
by Kohman (163-164 ) which involve counting two samples

of approximately the sanme strength separately and then
again simultaneously. The sum of the two separate
counting rates will in general be greater than the
counting rate taken together, and from this is deduced
the fractional coincidence loss. Secondly, one may
measure the minimum time between two discernable pulses
at the various stages of the scaling circuit with an
oscilloscope and take the longest dead time observed

to determine’the coincidence correction. Thirdiy, the
correction can be found by the measurement of sources of
known relative intensities, in particular the cbservation
of the decay of a source which is decaying with a moderate

half~ life. Here the decay is followed for several half-



11—

lives'to a low counting rate at which there is assumed
to be no‘loSs,of counts.‘ The theoretical curve is drawn
through these décay points using the known half-life
énd extrapolated to the high counting rates. The
deviation of the observed points from the theoretical
curve is interpreted as the correction term.4 This strictly
empirical method involves no assumptions other than an
accurate knowledge of the half-life of the activity ob-
served, and quite closely parallels the actual operating
conditions of the counterg

When the paired sample technique was tried in this
work it invariably resulted in meaningless negative
numbers appearing in the formula for the dead time.
An analysis of the propagation of errors indicated that
for such a short dead time as ~5/usec, extremely accurate
counting rates must be determined in order to result in
an answer to which some significance can be attached.
This possibly affords an explanation of the anomalous
results, because the rates were determined oniy to
within ~0.5 per cent in these experiments.

The lr proportional counter was tested for coincidence

losses at high counting rates by following the decay of

the 5k-minute“1n116. This isotope was produced by bombarding

5 mil indium foil with neutrons which are available in

abundance just outside the cyclotron vacuum tank near the

window box B,figure 1. They are produced from (d,n)

reactions of stray deuterons hitting the deflector,
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paddle probe, etc. By boﬁbéfdihé'for only about 5 minutes
no observable amount of 50-day Inilh ;¢ produdéed, while
an adequate amount of the S54-minute Inll6 results from the
145 barn thermal neutron cross section of Int12, The
Lo 5=hour Inll5m is produced only by fast neutrons, (170-172)
so paraffin was placed around the indium foi; to moderate
the neutrons. Actually, the first bombardment of indium
foil resulted in an activity of the order of 5 hours and
a long-lived component in addition to the Sh-minute
preriod. By decreasing the bombérdment time from 45 to
5 minutes and increasing the thickness of paraffin
surrounding the target foil from 1 to 6 inches, these two
extraneous activities wefe not observed. (They were less
oy factors of at least 700 and 5,000 respectively for
the 5-hour and the loﬁg-lived components, )

The results of the second bombardment are depicted in
fizure 34. The experimental points have been corrected

A

for background. A single activity due to the 54-minute
In116 is seen to remain after the short-lived impurities
have died out. The decay curve is straisht for a factor
of 10% (13 half-lives) to ~10 counts/min_(io times less
than background.) The observed half-life agrees well
with the reported values of 53.93 + 0.03 minutes (I73)
and 54.31 * 0.07 minutes. (174 The results of a least

squares analysis of the decay points from t = Le5 hours

on, yields 54.26 as the half-life. (Above 4.5 hours the
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Fige 34« Decay curve of 111 for use in determining the
dead time of the lm proportional countere
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points start to deviate f#omxlinéarity by ~0.1 per cent.)
The fifst five points indicate the‘presence of an~activity
w1th a half-life of the order of three minutes. This
Vdies down to less than one per cent of the 54 minutes
activity by the time the latter is 1. 3x105 cpm.

~ These data were treatéd according to the method of
T. P. Kohman as outlined by Calvin, et al. (165) The
provisidnal corrections, C' , were calculated from

Nge~ At —r-b

ct = ‘ - ' (11)

where R 1s the observed counting rate, b is the background
rate, NO is the true rate when t = O, and Nb is a tentative

na——

value of N,. The value of the half-life was taken as 53.93
minutes f;; these calculations. Figure 35 shows a plot

of C' ¥vs R, and the solid line drawn through the points by
means of a least squaresanalysis. Note that assuming the

formulas

N = R +TR?, (12)

where N is the true counting rate and T the dead time, it

follows that
C = TR. (13)

This is the justification for drawing a straight line

through the points with a slope equal to T The
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1ntercept of the curve at R = O is taken to be NO’ from
which the correct values of C can be calculated by the
niethod outlined by Calvin. The curve of C vs R is also
shown in figure 35, :

The results of the second bombardment of indium gives
7.l/usec as the dead time. A third indium Bombardment
was followed from 1.2x106 counts/min to below background
and the dead time from this was calculated to be S.Q/Asec.
These two values agreed well within the standard error
of each determination. The aveiage, 7.?/4sec (corresponding
to a correction of 1.2 per cent/thousand counts/min), was
used to obtain a working curve of the percentage correction

¥s the gross counting rate similar to the solid line in

figure 35,

8. Counting of National Bureau of Standards 3amplesy

A solution of P32 with 0.001 M H3P04 carrier was obtained
from the National Bureau of Standards. It had been standard-
ized in a 2 ionization chamber previously calibrated by

Lt proportional counting. (49) HMicropipettess, calibrated
with mercury and coated with Silgon, were used to transfer
aliquots of the solution to a series of sample plates
bearing varying numbers of non-conducting Zapon films (made
from 33 per cent Zapon solution). Water from one rinse

was added to the sample plate. Drying was accomplished in

an atmospliere of ammonia to prevent the Zapon from being

attacked. ill the samples but one {(on one laver) were
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covered with an additional layer of Zapon.

The éamples were counted to give the film absorption
curve already discussed (figure 29). The discrimination
curves (figure 33) taken with the sample which was deposited
on four layers of Zapon have also been treated above.

The decay was followed on the four layér,sample at the
gain and trigger settings determined from the discrimination
curves. The decay curve is presented in figure 36. The
solid line was calculated assuminr:g l.4 per cent of P33
contaminant at the time of the étandardization. Values of
1.4 and 1.9 per cent (175-176 ) nave been reported for the
percentage of P33 in pile~-produced P32, and Jestermark (177 )
reports this number varies with the amount of fast neutrons
contaminating the thermal neutron flux. The present choice
of l.4 per cent was more or less arbitrary, and a variation
in this number by a factor of two docs not make a significant
change in the following caleulaﬁion. The half-lives used
were 14,30 days for P32 ( 95, 178 ) and 24.) days for P33 (179 )
which were deemed to be the best values available in the
literature. The calcuiated curve fits the experimental
points well, and the graphical analysis leads to 159x103
disintegrations/sec/ml as the initial activity normalized
to the average of the points of the film absorption curve.

If the effective half-life is taxen as 1l4.4 days as
recommended by Seliger, (49) the initial activity turns

out to be loOxlO3 disinteg s;rations/sec/ml. Sither of these
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values agree well with the Bureau's value of 160x10° = 2

pér cent disintegrations/éec/ml,
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Fig. 36. Decay curve of P32 standardized at the National
Bureau of Standargi. The calculated curve is based upon
l.k‘per cent of P present in the original sample.
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EXPERIMENTAL RESULTS

In the foregoing sections the discussion has been of
a4 rather general nature describing the various pieces of
~apparatus and the techniques and procedure used in the
measurement of absolute cross seétions. In the material
to follow the application of these experimental techniques
to the specific yvield~determining bombardments will be
treated. First of all the equations will .e derived which
are used to tfansform the experimental data into cross
sections. A short discussion of the steps followed in the
course of a bombardment will then be given. Next the data

from the four different elements studied will be annotated

and the values of the cross sections so obtained will be
discussed in the light of the experimental errors associated
with each of the component factors entering into the
calculation. Finally a few additional considerations

in the measurement of reaction yields will be treated.

A. Derivation of Equations
The cross section'eduations will be treated first,
followed by the equations used to calculate the chemical
yield by the technique of adding a radioactive tracer.

The symbols used are listed at the end of this section.

Cross Section

The cross section of a nuclear reaction is defined as
the probability that a given nuclear reaction will occur

when a nucleus is exposed to a beam or flux of bombarding

A
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particles. The term cross seétion originates from the

simple picture that the reaction probability is proportional
to the area which the target nucleus presents to the incident
beam. ©One assumes that the nucleus is a small sphere sus-
peﬁded in a medium composed méinly of empty spaces The

cross section, g, multiplied by the number of nuclei per
square centimeter of target, n, gives the ratio of the

area of the target nucleil to the total area (including both
the empty space and the target nuclei.) If I is the number
of bombarding particles per secand, the total number of

reactions NT which occur will be given by

Np = oInT, (14)

where T is the duration of the bombardment in seconds. .
Note that g may be thought of as an experimentally determined
proportionality constant with the dimensions of cm2. In order
to apply equation (14) to the calculation of cross sections
from experimental data it must be modified somewhat.

In the first place account must be taken of the fact

that the radiocactive product decays at the same time that

it is being produced. Thus

%% = gIn - AN (15)

where A 1is the decay constant of the product nuclei. If

the beam does not change in intensity during the course of

the bombardment, i.e. if I remains constant, equation (15)
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may be integrated to give the number of nuclei present at

fany'time,'g, after the beginning of the bombardment:

N = ;%?(1-e'kt). (1§)

It is the total number of product nuclei formed NT’ which is

needed to substitute into equation (1l4). If N, is the number

of nucleil at the end of a bombardment of duration T seconds,

Ny = I9B(1-¢72T), ' (17)

This equation may be solved immediately for gy or combined

‘with equation (14) to obtain

] NdkT

Np = ?I:;:ST)' (18)
If the cyclotron beam drifts appreciably in intensity during
the course of the bombardment, equation (17) may be modified
further. As pointed out in the Beam Integrator 3ection,
rage 18, the integrator output can be fed into a traffic
counter which prints out the number of counts collected
at equal intervals. Since equation (17) expresses the
number of nuclei at the end of bombardment for I constant,
it may be applied to each interval of duration At seconds

during which the beam current is assumed to be practically

constant. Then



131~

m

I,on -dat; =)t I =X -2
No = D A1-e T he w7
=1
cn‘f(Iij) |
. | )

whefé the function f(Ii.) is defined as

| -2t <& “)t ~)at
f(Iij) - (l‘e i)ZIie jj + (l-e j)I

i=1

e (20)

The summation is carried out over all of the m egual inter-
valé; and t; is the time from the end of the ith interval
to the end—;f bombardment. The term involving j is added
separately because the traffic counter record cannot in
general be divided into an integral number of equal
intervals, i.e. Aty %zﬁtj, S0 éfj.is just the length of

the last interval. Thus equation (19) merely adds up the
number of nuclei formed at the end of each interval with
allowance for decay ff;m the end of that interval to the
end of bombardment. The result of rearranging equation (19)

and combining with equation (14) is

NAAIT
NT = __0..___._. (21)
£(Iy5)

This reduces to equation (18) for the case in which Ii=

Ij= I. Equation (21) will be used later to figure the
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total number of nuclei of one.nuclide formed relative to
some other nuclide of a different half-life, which in turn

is needed to calculate the chemical yield by the tracer

\

technique.
In order to relate Ii (or I) to the number of counts

collected on the beam integrator, the calibration curve,
figure 21, is consulted. The slope of this curve, K, gives
the number of counts per minute equivalent to one micro-

ampere. For deuterons (one charge per particle),

B -6

= ~ *

I
1 ks, 1.60203x10710

where Bi is the number of counts recorded by the beam

integrator in the time interval O .
The number of target atoms per square centiumeter n,
is obtained from the weight of the target w, the target

area [, the atomic weight M, and the (fractional) isotopic

abundance a, as follows:

23
wa 6,0228x10
« 2= aZ . 2
1 T (23)

n-

The observed absolute counting rate extrapolated to

the end of bombardnent, CO’ may be converted to NO as

follows:
Co . 1
Q )Y 6-0' ’ ‘

where Y is the (fractional) chemical yield.
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Finally the cross section is derived by combining

equations (14), (21), (22}, (23) and (24). Thus

CHAMK
o = o . 7.3887x10738 (25)

where

£(By4) = l-e  ° Bje T - dze g,
- 4ty =1 8t

- Kef(I;4) - 2.667x10™9, - (26)

In some cases the correction  for non-constant beam was not

made, in which case equation (25) reduces to

C GAMKT
o = . 7.3887x10738, 2
: uaYB(l-e;ﬁTT (27)

" Chemical Yield

For those cases in which tne chemical yield is determined
by adding a known amount of radiocactive isotopic tracer, the
chemical yield, ¥, is the ratio of the amount of recovered

tracer to the amount added:
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N;z(recovered)

Y = % |
Npo(added)

(28)

Thé primes refer to the tracer, and the subscript 2 refers
to a particular nuclide. Sometimes the nuclide which is
added as tracer will not be produced in the bombardment in
sufficient quantities to be observed, but in most instances
there will be a contribution to the total activity of this
nuclide from the (d,a) product of the nuclear reaction.
Then it is necessary to perform a separate experiment in
which the bombarded target is worked up without the addition
of the isotopic tracer. The number of atoms of the tracer
isotope formed by nuclear reaction is then reiated to the
number of some other isotoplic speciles also produced in the

reaction. Thus the ratio of the two activities,

N

Npq

is determined, where subscript 1 refers to the other
activity chosen as a reference. lpte that this experiment
amounts to measuring the relative cross sections for formation

of the two activities., Thus

o] a
== | (30)
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With a knowledge of { the bombardments can be carried out

to determine the absolute cross section. Then N%z(added)

"atoms of tracer are added to a solution of the target, and

the chemical yield becomes.

SN, = N
v = 2Np2 = Np2

S (31)
NTz(added)
where
] R .
ENTZ = Npo + NTz(recovered), (32)

that is,ZENTZ includes both the tracer and the (d,a)

reaction product. In equations (29), (31) and (32) the

values of NTl are calcﬁlated from

60+ £(By )

Npq (33)

which is the result of substituting equations (22), (24)

and (25) into equation (21) neglecting the fractional

-

chemical yield Y., Assuming a constant beam, the formula

for NTZ is

cozfl'

60(l~e/ )

Np2 (34)

Since component 2 is long-lived the correction for non-

constant bombardment is negligibie and equation (34) is wvalid.
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The maximum error introduced by applying equation (34)
to calculate N%z for the tracer may be seen from the following

consideration., 1In effect, these equations extrapolate NO

back to an effective midpoint, T, of the bombardment, the
midpoint being governed by the amount of decay occuring

during the bombardment. If X< T, then NT‘e NO. This can

be seen from the equation defining T:

2T ‘
No¢' = = Ny = IonT . (35)

From equations (35), (22) and (19) it follows that

T-;‘-ln-—z\—.B_.__.‘ '
p) f(Bij) ) (36)

Thus the difference between Ng and NT will be fixed by the
half-life of the isotope in ;:estio;? the amount of beaﬁ
hitting the target, and the time distribution of the beam.,.
5ince the tracers used have long half-lives, the error

introduced by using equation (34) for N%z and E:NTZ is

negligiblé.l As an illustration, the decay of 25.4-day P33
during one hour (a typical bombardment time) amounts to
ohly 0.1 per cent whiéh represents the maximum possible_
error in the calculation of N;2 and 3 Np, ! The error
is reduced much further by t;;nextrapolation to 1 via
equation (34).

The chemical yield Y is finélly expressed in terms of

observable guantities by substituting equations (29), (33)
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and-~(34) into (31), making use of the relation

where E:CT2 is the total observed activity of component 2

in counts pér minute., Thus

- 21

Tcéz(added)
-Air)

(38)

(1-e

In case the correction for non-constant bombardment is not

made for component 1, the chemical yield becomes

-I;T R T

(1-e ) (l~-e 1

- -+ (39)
Coz(added)

-Zéf)

(l=e

The following is a list of symbols used in the preceding
section: .

a = fractional isotopic abundance

A = area of the target'in square centimeters

B = total number of counts recorded by beam integrator

B.= number of counts recorded by beam integrator duriag

the ith interval

Cqo~ absolute counting rate at the end of bombardment
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absolute'counting rate of component 1 at

end of bombardment

absolute counting rate of component 2 at end

of bombardment

total observed activity of component 2 in

count /min

duration of the ith interval (sec)
a function of Bi and Bj defined by
a function of Ii and Ij defined by
number of bombarding particles/sec

number of bombarding particles/sec

ith interval

equation {26)

equation (20)

during the

slope of integrator calibration curve, i.e.,

counts/min/ma
decay constant
atomic weight
number of target nuclei per square

number of nuclei at time t

centimeter

number of nuclei at the end of bombardment

total number of nuclei formed

total number of nuclei of component 1 formed

by nuclear reaction

by nuclear reaction

“total number of nuclei of component 2 formed

total number of nuclei of component 2 formed

by nuclear reaction plus recovered

tracer

total number of nuclei of tracer of component 2



-139~
N%z(added) , = total number of nuclei of tracer
of ‘component 2 added before chemical
separation
N;z(recovered) = total number of nuclei of tracer of
' component 2 recovered in the counting
sample
Q : =/ the ratio NT2:NT1 from a bombardment
in which no tracer was added
o = Ccross section
= time after beginning of bombardmeht
ty = time from the end of the ith interval
to the end of bombardment in seconds
T = duration of bombardment in seconds
= @ffective midpoint of bombardment defined
in equation (35)
= weight of the target in milligrams

Y = fractional chemical yield
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B. Bombardment Procedure

Targets of magnesium, sulfur, titanium, and cadmium were
prepared as indicated in the Target Preparation Section, page
63, and placed in the slots of the target probe head, figure
3; Any of the several positions could have been used for
the bombardments, but usually the target was bombarded in
position 7, leaving position 8 for a collimator. Thus the
effect of secondary electron emission from the target was
diminished by the geometry (see figure 19). The collimator
in position 8 was merely an additional aluminum target
support frame without a film across the 2 1/4 inéh hole.

The 1/16 inch thickness cf the aluminum was calculated to
be sufficient to stop the deuteron beam plus any sefondary
protons produced in the aluminum,

The current integrator was warmed up for several hours
and tested to see that it was functioning normally. A
calibration check was made either before or after each
bombardment following the secondary standardization method
discussed in the Beam Determination 3ection, page 44. The
"background” (charge collected or lost with no input current)
was also checked to make sure it was not unduly high.

A scattering target of 1/4 mil Mylar was usually kept
in the beam péth (N of figure 1) during bombardment to
assist in keeping the deuterons focusea on tne raraday
cup target. The scattered radiation from tnis foil was
detected by the monitor countersv(O of figure 1) and an
audible signal was produced as well as a deflection on

a meter located at the cyclotron conitrol panel.
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After bombardment, the target was dissolved and the
chemical separation of the (d,a) produét performed (see
Chemical Separation Section, page 72). The substrate was
dissolved along with the target because it contained some
product nuclei which had recoiled out of the target. The
final counting sample was prepared on thin Zapon films as
described in the Absolute Beta Counting Secti;;, page &7.
The decay was followed in the Lt counter and the absolute

value of CO determined for each component of the decay

curve.

Ce Magnesium Bombardments

The chart of the nuclides for the magnesium region
is shown in figure 37. The products of the (d,a) reaction
on magnesium include two activities in sodium, the 15-
hour Nazh and the 2.6-year Nazz. Sodium=24 decays with
the emission of a 1.390 Mev B-ray, followed by two ¥Y-rays
in cascade. (180) Sodium-22 is a positron emitter of
U.542 Mev maximum energy, followed by a 1.277 Mev ¥ ray.
(180) Recently electron-capture branching amounting to
7-11 per cent has been repgorted for Nazz. (181 - 133)
No other activities were observed in the deuteron bom-
bardment s carried out in this worke.

Five magﬁesium vombardments were obtained, the first
of which was for the purpose of evaluating the chemical
procedure (see Chemical Separation 3ection, page 75).

The experimental data and the various derived quantities

used in the determination of the cross section are pre-
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NUCLIDE CHART OF THE MAGNESIUM REGION

Al Al A az a | a®|ar®
13s 218 7.4 67s 108y} 100 2.27m | 6.56m
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B* B" |Bjec.” B.Y

Fige 37. Chart of the nuclides showing possible products
of deuteron reactions on magnesium.
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sented in Tablé VI for the last four bombardments. The
following additional factors are needed for the calculation

of the cross section:

M = 24.32

Kp = 9.9 * 0.1 counts/min/ ma
a(1g2®)= 0.1129

a(Mg24)= 0.7360

The errors shown are standard deviations. Bombardments

2 and 3 were exploratory in nature but are included for

the sake of completeness. Thg following paragraphs deal
F}

with the distinctive features of the individual bom=-

bardments.

Target Preparation

The preparation of the magnesium target has been
discussed on page 66. In all but one of the targets, the
magnesium'covered a circular area just matching the 2 1/4
inch hole in the aluminum target support. Target lo. 3
covered a rectangular area larger than the circular
opening. This target (and to a lesser extent, target
No. 5) was also peculiér in that it had the whitish cast
referred to before on page 66. Target No. 3 was weighed
befofe and aftér bombardment to estimate the amount of
material lost from magnesium targets either in the cyclotron
or in transit. This did not yield conclusive information,
as the weight was 9.6796 g before compared to 2.7804 g
after. The gain in weight may have been due to adsorption

of moisture onto the plastic substrate.
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Table VI. Summary of Bombardment Data for Mg(d,a)Na

Bombardment No. 2 3 L 5
Suppressor ring(volts) floating 1110 1113 1110
De C. supply (/4a) : 5 5 10
31its J(in.) vertical 06250 0. 500 0. 500
horizontal 0.250 1.000 1.000 = 1.000
Slits L(in.) vertical none 0.25 0.25 0.25
horizontal none G« 50 0. 50 0,50
Target N{mils of Mylarj 0,50 0.25 0.25 0.25
Target R position 1 “ 7 7 7
w(mg) 27.1 21.8 16.0 18.5
A(cem?) 25,7 40,2 25.7 25.7
substrate Teflon Mylar Mylar Mylar
Integrator range C D D D
B{counts) 385.0 £2.0 164.0 154.0
f(Bij) (counts/sec) 0.001017 0.001292 0:001916
T({sec) 3600 5160 7817 LE1L
e of gapen layers : : :
Zapon soln. used (%) - 33 50 50 50
0oy (182¥) (counts/min) 62261366 162130+1050 40398:175 358851916
| SCop(Na??) (counts/min) 483.7:1.5 164626 300.5+2.3 Sh6.hth.2
2 : 10444 ~—- 10.75 -—
Na®® tracer added (p) O 10 0 30
Cogladded) (for 10 pul) 0 135234 0 21822+1.9

Y 0.341 0.0435
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Chemical.Procedure

The chemical procedure has been presented in figure 22.

A noticeable residﬁe was present in the counting sample pre-
pared for 4w counting in bombardments 2 and 3, so doubly
distilledlwater“was used to make up theveluting\agent in
bémbardment Ly white the use of conductivity water (1.}:10"6
ohm 1cm 1) reduced the r351due even more in bombardment 5.
A quick estimate of the amount of residue (from ~10 ml of
eluate) present in the counting sample of bombardment L
showed it to be below the ‘detection limilt (0.0001 g ) of the
Ainsworth type DLB balance.

| The chemical yield was determined ih bombardment 3 and

22

5 by adding tracer Na produced in bombardment l. The stock

solution was stored in a polyethylene bottle, and 10 1 aliquots
were transferred to the Phillips beaker just prior to dissolving
the target in bombardment 5, and about an hour before in
nombardment 3. After the chemical separation was under way,
1o,u1 aliquots were transferred. to 4 counting plates to de~
termine the amount of Na22 added as tracer. One 10/Al sample
was prepared in this way in bombardment 3 and three 10 ul
samples in bombardment 5. The aliquoting error was assessed

in the latter caserfrom phe average of the three Na22 counting
rates., The bn'blates used in each caserwere prepared identi-
cally to the ones used for the sample of the sodium separated

from the targete.
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Absolute Beta Counting

Discrimination curves were taken for the decay samples
" of bombardments & and 5. Curves obtained at various times
after‘bombardmént corresponding to 3 and 100 per cent of Na22
in the mixture of Na®? and Na®¥ are presented in figures 38
and 39 respectively. Each point has been corrected for the

22- Nazh mixture that occurs

small amduntvof decay of thevNa
during the time in which the data were obtained. It can be
seen that the discrimination plateau exhibits no evidence for
a slope within the experimental‘error due to the counting
statistics. The limits of this error are indicated at the
bottom of the graphs; the length of the line represents twice
the standard deviation of'a single point. As seen from
figure 38 and 39, altering the Na22 - Nazh ratio has no effect
on shifting the plateau. Thus the error in the absolute
counting rate due to inaccuracies in the gain, voltage, and
discriminator settings is represented by tne standard deviation
of + 0,74 per cent obtained from the average deviation in the
points on the plateau of figure 38.

‘The effect of absorption of weak beta particles in the
Zapon film was studied by a series of samples made with different
numbers of backingz films. Three typical absorption curves,
taken from bombardment 4 are shown in figure KO, Each point
has been corrected for decay which occured during the time

that the six samples were being counted. The points exhibit

a scatter about a line drawn arbitrarily through the points

and show no evidence for a slope. The errors- indicated in
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Fige. 38 DiscrimiaztiOn curves of a mixture of 3 per cent Na.'?‘2
and 97 per cent ja taken from magnesium bombardment L.

The limits of counting error shown are twice the standard
deviation of a single points
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Fige 39, Discrimination éurves of 100 per cent Na22 taken
from magnesium bombardment 3. The limits of the counting
error shown are twice the standard deviation of a single point.
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Fige 417 Decay curvg of sodium separated from magnesium resolved
into the 2,6-~year Na 2 and 15-hour 313% components by the method
of least squares. The data were taken from magnesiuvm
bombardment 5.
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figure 40 are standard deviations of the individual counts.

The points, corfesponding-to different samples, do not fall

on the curve because of the aliquoting error which has

already been shown to be of the order of 2 per cent {(see

Table V). Figure 40 also shows that changing the Na<?_ Na2¥
ratio produces no noticeable effeéect. The average of the

points representing the covered samples was‘taken for each of

the absorption curves, the average deviation in the points
computed, and the corresponding standard deviation was calculated
to be O.43, 1l.15, and 1.23 per cent, which is of the same order

as the counting error.

Analysis of Decay Curves

It was felt that the decay data warranted treatment
by the method of least squares, since the two nuclides en-
countered in the magnesium‘bombardments possess vastly
different half-lives (15 hours compared 2.6 years), and can
be produced in sufficient quantity to make it possible to
obtain good counting statistics. A typical decay curve
obtained from bombardment 5 is pictured in figure 41 showing
the resolution into the two componéhts. |

The procedure followed for the least squares analysis
was to set up "machine equations" (174) that facilitate the
computation of the sums by use of a calculator, Computational
errors were avoided by obtaining agreement between twc
persons as to the value of a summation before accepting it.
Similar checking went into the conversion of calendar time

to the number of hours after the end of bombardment. It was
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decided to weight each of the points equally in spite of

the fact that some were obviously better than others.

Half-Life of Nazh. The gross decay curve was thus

resolved by first finding the least squares line of best fit

for the 2.6-year Na®? component and then subtracting it from
the gross curve to produce the points through which a line of
best fit was computed by the same mebhod as for the l5-hour
Nagh. Since the long-lived activity could not be followed for
a‘time long enough to determine its half-lifé experimentally,
the value of 2.60 years obtained by Laslett (185) was assumed
for the purposes of this ecalculation. Laslett did not quote

an error, but one may assume the uncertainty to be ~0.4 per

cent. This will not affeet the present decay curve analysis
because of the relatively large difference in the Nazz and Nazh
half-iives. The short-lived component, however, exhibited

an exponential decay over factors of 150-4000, so taat the
nalf-life could be determined by léast sguarese.

The decay curves were first analyzed grapgnically to
determine which points should be included in the N322 analysise.
In Table VII the half-life and intercept of the Na*% and Na°%
obtained by the method of least squares are given together
with the graphical resolution for comparison.

In boﬁbardment 2 the Zapon film broke after most of
the Nazh had decayed, so the sample was repaired by sand&iching
it between two additional Zapon films, Apparently some

. . . 2 .
activity was lost in this operation as the Na b decay ypoints

deviated markedly from,linearity after this happened and were
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therefore neglected in calculating the half-life and intercept

of the Nazh component for bombardment 2.

Table VII. Analysis of Decay Curves of Sodium

Bbdt. Method of Period of Co
No. analysis Half-life observation (counts/min)
2 1. s. 2.60%yy 0.64 yr L83.7+1.5
graph. " L85
3 l. s. " 0.21 yr 164646
Na=<? graph. " 1650
L 1. s. " 0.18 yr 300.5+2,3
graph. " 4 298
5 ‘l. s. " 0.16 yr 54604+, 2
graphe. " : 545
2 l. s. 14.813+,025hr 100hr 6¢2,881+366
graph. 15,19 66,000
3 1. s. 14.910+.025 1lh4hr 1562,130+1050
Na<k graph, 15.lb 157,000
4 1. s« " 15.002+,017 166hr 40,398+175
graph.  15.1° 40,000
5 1. se  14.946+.101 146hr 35,885+916
" graph.  15.1P 36,000

a See refererce (185)

b See reference (186)
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The resolved lines, éomputed by least squares analysis
have been depicted in figure 41 for bombardment 5, They *
are seen to pass through the points, as do for the points
obtained by graphical resolution. The welighted average of
the Naza half-life is compared with the values Present in
the literature in Table VIII. The value obtained in this
work compares favorably with those of Soiomon (188) and

Tobailem (193) which seem to be the best values available,

Table VIII: Summary of Half-Lives of Nal¥

t 1/2(Hours) Authors Reference Ogigiggtggn
14.97+0,.01 Lockett and Thomas 187 . 5 Half-Lives
15.06+0.04  Sreb 186

15.04+C.06® Solomon : 168 13 Half-Lives
15.10+0.04 Cobble and Attleberry 1&9

15.1 +0.1 Wilson and Bishop 190 2 Half-Lives

(recalculated by Sreb)

15.0 +0.1®  Sinclair and Holloway 191

14,8 +~1% Van Voorhis 192 10 Half-Lives
14.90+0.05 Tobailem 193 (Differential

- Method)

14.93+0,04% This work 7-12 Half-Lives

& standard Deviation

b Probablé Error
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Cross Section for Na and Na

_As,mentioned above, bombardments 2 and 3 were exploratory
in nature, and the measurement procedures had not been
developed to their fullest, whereas bombardments 4 and 5
were performed with much more refined techniques. Bombard-
ments 2 and 4 were used to detérmine relative values, and
3 and 5 were used to determine absolute values of the cross
section,

In bombardment 2 the traffic counter was not used with
the integrator and hence f(Bi.) could not be calculated.

The residue on the 4w plates was relatively large which
could have resulted in an unknown gmount of self absorption.

In bombardment 3 one circumstance which may have resulted
in too low a value for o was that the target was suspected
of having some oxide impurity. Another unknown error acting
in the same direction was the possible self absorption due to
the residue on thg ot plate. There were thfee sources of-error
in this bombardment acting to give too high a value of.g:
First, the magnesium target extended beyond the area defined
by the 2 1/4 inch collimator (spare target mount ), and the
possiﬁility existsvthat a contribution to the yield of I\.'.':\ZLP
was made by the reaction Mgzh(n,p) Nazh resulting from
neutrons produced in the collimator. Secondly, by adding
the tracer an héur before dissolution of the target, some
Na22 may have exchanged with the sodium of the Pyrex beaker.

Thirdly, the aliquots made for determining Céz(added) were

taken several hours after adding the tracer to the Fhillips
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beaker. Since the volume of thé Na22

solution was only
~2 ml,'evaporation from the solution may have produced a
significant change in concentration which would have re-

‘sulted in too high a value of Céz (added). IMoreover only

1
one sample of the tracer was prepared to determine Coz(added).

In bombardment 5 the target may have had a sli:ht
amount of oxide impurity, and the aliquote of the tracer
were taken several hours after adding the tracer to the
Philliis beaker.,

The results of bombardments L, and 5 were obtained

sing much better techniques than bombardments 2 and 3,

b

as seen from the above considerations, and therefore the
cross sections are based upon bombardments 4 and 5 only.
The values are
s(¥a®?) = 0.151 *+ C.C06 barns at 7.8 * 0.1 rie
o(a®#) = 0.09% + 0.004 barns at 7.& + 0.1 bev,

=

calculated with the aid of equations (25) ard (32).

The cross section for the formation of Na22 has been
corrected for electron-capture oranching as follows.
The branching ratio has been reported variously as 7.1
ver cent,(1&l) 11.0 per cent,(182) and 6.5 per cente {183)
assuning a value of & per cent, and the counting efficiency
of the Lo counter to be & per cent for electron-capture
events, the overall counting efficiency of the L counter

22 becomes 96 per cent. Thnis is the value which

for HNa
Sherr ard iller (1&2) determined experimentally for tuae
sorkowski Liv counter, and was :sed to calculate the cross

section for Na22 quoted above.
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The errors in the cross sections quoted above are
based upcon the errors associated with each of the factors
of equations (25) and (38), and may be considered to be an
estimate of the standard deviation. The component errors
which wére assumed in the propagation are listed in Table IX.

Table IX. Fropagation of Errors
in Cross Section for lg(d,a)Na

Estimated Standard Deviation (per cent)

Factor Bombardment Bombardment
NO-‘} N005
Coz 0.77 0.77
T 0.C1l 0.01
Cor 0. 43 2.55
B 0.03 0.03
f(Bij) 0.03 0.03
4y eqgn.(29) 0.91
Cpp(added) 0.09
Y, egn.(3&) 2.93
Ade O.47
M .02
KD 1.01
a(1g?®) .05
a(Mg<h) ' .01
.o 2l V
ag{Na“™), eqn.(25) Lo Ol

d(i\iazz) y eqn.(30) Loel5
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,”HExcitation functions of the kg(d, a) Na reactions have
been previously reported by Irvine and Clarke (194) and
Bartell and Softky.(195). Reading the cross section values
at 7.8 Mev from their published graphs, 0.092 and 0.147 barns

were obtained for Nazh and Na22

‘yields from Irvine and Clarke's
work, and 0.009 barns was obtained for the Na<=2 vield from
Bartell and Softky's results. The results of the present
investigation ére seen to duplicate those of Irvine and

Clarke quite closely.,

De Sulfur Bombardments

The chart of the nuclides for the sulfur region is
shown in figure 42. There is only one (d, o) reaction pro-
duct of sulfur that is l&ng—lived enough to observe con-
veniently. This is the 1l4.3-day P32 which decays by the emis-
sion of a 1.701 Mev B ray. (180) It was the only activity
observed in the bombardments of sulfur.

Five sulfur bombardments were obtained, the first of
which was for the purpose of evaluating the chemical pro-
cedure (see Chemical Separations Section, page 78).
Bombardments 2 and 5.were worthless, as the sulfur was
vaporized ‘by the cyclotron beam., The experimental data
and derived guantities for Lombardments 3 and 4 are pre-
sented iﬂ'Table X. The following additional factors are

needed for calculation of the cross section:

M 32.066
Ky = 3.9.+ 0.1 counts/min//xa

a(s>*) = 0.04215

(!
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NUCLIDE CHART OF THE SULFUR REGION

deuteron reactions

C|33 C|34 C133 Cl36 Cl37 C|38 Cl39
28 3§»+27m 754 4.451_05;,- 246 32297'“ 59.5m
S 31 S32 S33 834 g 35 S 36 S 37
3-B|§S 95018 {0.750 |4.215 87B|_d 00I7 %Q‘*Ym
p28 | p29 | 530 P3| p32 | p33 p 34
2s |457s |2.5m | 00 |14.3d |24.4d| 12,45
Bty (Bxy | B+ B B~ B
FiZe L2, Chart of

the nuclides showing possible products of
on sulfur,
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The errors given are estimated standard deviations. The
distinctive features of bombardments 3 and 4 are treated

below.

Target Preparation

The preparation of the sulfur target has been described
on page 67. Target No. 4 was weighed before and after bom-
bardment and it was found to have lost 8.2 mg, or 1l per cent,
during the irradiation. Inspection revealed that within the
area struck by the beam there appeared to be less sulfur than
was originally present. Thus it seemed that sealing the
target between two layers of polystyrene was not 100 per cent
effective in preventing vaporization of tne sulfur by the

beam.

Chemical Frocedure

The chemical procedure has been fFresented as figure 23.
Difficulty was experienced in dissolving target No. 4. It
was finally found necessary to heat the mixture strongly
for a few minutes after 7 hoﬁrs of less vigorous treatment.
Since sulfuric acid was present the possibility existed for
some phosphorus to escape before the éracer had the opportunity
to complete the interchange with the (d, o) product. |

The tracer used for chemical yield determination in
bombardmeﬁt I, was the 24.4;day P33. This was obtained by
allowing the li4.3-day P32 to decay from several old bottles
of high specific activity P32 (Carbide and Carbon Chemicals
Co., Oak Ridge National Laboratory, Oak Ridge, Tennessee,

Catalog Lo. F=32-P-11). Two lOO/yl samples of the tracer
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for S(d,a)P

Bombardment No.
Suppressor ring (volté)
D. C. supply (/Aa)
Slits J (in.) vertical
horizontal
5lits L (in.) vertical
horizontal
Target N(mils of Mylar)
Target R position
w(mg )
A(cmz) g
substrate
Integrator range
B{cnts)
T(sec)
Number of Zapon layers
Zapon soln. used (%)
Co1(P??) (cnts/min)
COz(PBB) {ents/min)
p33 tracer added (}Al)
Cop (added) (for 100 1)
Y

3

floating

nnone

none

3

Thel

25,7

polystyrene

D
324+
6060

5
50

40,000

1110
10
0.500
1.000
0.25
0.50
0.25
7
73.7
25.7

polystyrene

D
oL
LETI
2
50
9700+ 200 .
1750+ 100
750
1173+ 33
0.20
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N DECAY OF PHOSPHOROUS
- (CYLINDRICAL 47 PROPORTIONAL COUNTER)

R

|

|

4.3 DAY

| | S | | | I | |
10 20 30 40 50 60 70 80 90 100 110

TIME (DAYS)
Fig. 43. Decay curve of phosphorus separated from sulfur
showing the decay of 1l4.3-day P32. The data were taken
from sulfur bombardment 3.
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were made to determine the amouht of tracer added, one at

the same time and one. 30 minutes after adding 750/Ml of the
tracer to the Phillips beaker. The Lk counting plates used
for the tracer and for the separated phcsphorus were pPrepared
under identical conditions,.

An insignificant amount of P33 is produced in the bom-
bardment from secondary neutrons as indicated by the absence
of a significant amount of activity with a half-life greater
than 1l4.3 days. This is shown in figure 43, taken from
sulfur bombardment Ng. 3 in which no P33 tracer was added.
An upper limit of 0.6 per cent of the initial act1v1ty could

rossibly be attributed to P33

Absolute Beta Counting

Discrimination curves had previously been taken of P32
when the work with the National Bureau of Standards P32
sample was done (see page 1), so only enough curves were
taken with the (d, a) product to determine the voltage, gain,
and discriminator settings to count the sample. These

curves are shown in figure 44 and correspond to 77 per cent

P32 in the mixture of'P32 and P33. Note that the characteristics

of the counter have changed since the work was done on the

NBS3 samp;e So that the discrimination plateau has shifted
towards a higher bias poten;ial. The magnitude of the error
due to a possible slope should not be affected, so that the
limits of this error can be taken to be the same as previously

determined.,



~164,-

| DISCRIMINATION CURVES OF PHOSPHOROUS
(CYLINDRICAL g7 PROPORTIONAL COUNTER)
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Fige 4L4. Discrimination curves of a mixture of 77 per cent P32

and 23 per cent P33

of counting error
single point.

taken from sulfur b

ombardment 4.

The liits

shown are twice the standard deviaticn of a
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COUNTS PER MINUTE
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- DECAY OF PHOSPHOROUS
- (CYLINDRICAL 47 PROPORTIONAL COUNTER)
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Flg. 45, Decay curve of phosphorus separated from sulfur.,

The resolution is shown in the insert, Ehe 81°§§ and intercept

giving the initial activities of the P32 and P respectively.
The data were taken from sulfur bombardment 4.
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Similarly, the film absorption problem had been in-

vestigated before (see page 1C2),

Analysis of Decay Curves

The decay curve of the phosphorus sample from bombard-
ment 4 is given\in figure 45. 3ince the two component halfe
lives are so clése together as to make ordinary graphical
analysis extremely difficult, the data was treated by a
met.:od indicated by Worthing and CQefiner (1% ) and applied

by Biller (197). The gross decay curve given by

C = Cpy;e + Cppe (40)

may be rearranged as follows:

t -A )t
8)2 c (A5 1

= Cpze * Coz (&1)

C

The la?? nand member of equation (41) is plotted against
(Ao=A)t
e 2 1 to give a linear curve whose slope and intercept

are respectively Cop and Cope The insert of figure L5 sinows

et

such a plot wnen applied to P32 and P33 as components 1 and 2

of the gross decav curve, gilving the values appearing in

" Table X.

The decay of the P33 tracer is shown in figure 46.
Although mbst of the P32 had decayed, there is some longer-
lived activity than the Rl h=day P33. Unfortunately the
tracer was not purified before use in pombardment 4, so for
the purposes of célculation it was assumed that the contaminant

was £7.l1l-day 332 winich is also produced when sulfur is
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irradiated with pile neutrons. The decay curve was resolved
into the 24.4-day and- £7.1-day components by application of
equation (41). This is shown in the insert of figure L6
whaere the intercept is the initial activity of 835 and the

slope is the initial activity of the PBB,«CéZ(added), as

given in Table X. In this graph the points correspondins to
both samples are plotted, illustrating the aliqueoting error.

Cross Section for P32

The accuracy of these experiments is in doubt due to
the several unknown errors assocliated with the sulfur
ocmbardments,

As mentioned above, bombardments 2 and 5 yielded no
results, and bombardment 3 was used to obtain relative +ields
(in this case, Q = O). Bombardment 4 was the only ons in which
the absolute cross section of P32 was measured, and une-
fortunately it was impossible to obtain another bombardment
to determine the cross section more accurately., The loss of
sulfur from the target when it was struck by the beam may
have amounted to ~10 per cent, and Po55ibly resulted in an

error in g of several times 10 per cent, Tris would

1
7

ve the
case if the sulfur was lost from the one-half square inch

area that was hit by the beam. Likewise any P33 tracer lost
by the sulfuric acid treatment of the target would also lead
to too low a result. The variation in target thickness was
estimated at ~2 per cent, but may have been larger. The
radiocactive impurity in the P33 tracer and the difficulty in
the resolution of the P32-33 deéay curve led to sizable errors,

but certainly small compared to tie above unknown errors.



~168-

— DECAY OF P33 TRACER
(CYLINDRICAL 4™ PROPORTIONAL COUNTER)
1600}
1200
~~ 800
~<
b
l.._
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Fige 46. Decay curve of F tracer. The resolution into the

P33 and assumed 535
and intercept giving
respectively,
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the initial activiti

The data were taken from

in the insert, the slope

ies of p3
sulfur bombargment Lo
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The cross section, célculated with the aid of equa=

tions‘(27) and (39) is

G(PBZ)" O¢3 + 0.2 barn at 7.7 + 0.1 Mev.:

The uncertainties introducéd by target vaporization
and‘chemical yield determination were so large as to outweigh
the errors inherent in the individual fabtors as outlined
for magnesium, page 157 . Furthermore there was no way to
assess the magnitude of these large errors, so that the error
in the cross section quoted above is merely the writer's

surmise of the standard deviaticn.

E. Titanium Bombardments

The chart of the nuclides for the titanium region is
shown in figure 47, Three of the (d, a) reaction products
of titanium possess half-lives’of the same order of magnitude:
R.L-day Schh, 3.44=-day Sch7, and 44-hour 3048. The 2.4 day
isomer decays by internal transition to 3.9-nour Schh wnich in
turn decays with the emission of a l.45 Nev B ray to stable
Cahh. Scandium 47 and 48 decay by the emission of O.6i and
C.64 Mev P rays respectively accompanied by ¥ radiation.
The fourth (d, o) product is Scué. The 19.5 second isomer
decays to the 85-day ground state of ScL"6 which emits a
Yy ray and a 0.36 Mev B ray. (180)

Five bombardments of titanium were obtained, the first
of which was for the purpose of evaluating the chemical
procedure (see Chemical Separationé Section, page 80).

The experimental data and derived quantities for the other
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Table XI. Summary of Bombardment Data for Ti(d,a)Sec

Bombardment No. 2 3 L 5

Suppressor ring (volts) 1100 1105 1095 1090
De Co supply (/Aa) 2.5 L8 30 38
8lits J(in.) vertical . 0,250 none none none
horizontal 1.000 none none none
Slits L(in.) vertical 0.25 0.25 none 0.25
‘horizontal 0.50 0.50 none 0. 50
Target li(mils of lylar) ) 0.25 none 0.25 0.25
Target R position 8 7 7 7
w/A (mg/cm®) 29 29 29 29
"substrate® Mylar livlar
Integrator range B D D D
B(cnts) 1726 17¢ 240 210
T(sec) 8340 L573 13051 6809
iumber of Japon lavers hv .2 2 2
Zapon soln. used (%) 50 50 50 50
Cop (5e**™4748) (onts/min) 253+45 199100 574+10 707+15
Half-life of ScM¥=47=48(4ays) 2,63 2.91 2.82 2.82
2002(3c“6) {cnts/min) . 50+10 510+15 244:5‘ 277 +4
Q 10.09 7.72be49
5c*® tracer added ( ul) 0 0 10 20
Copladded) 0 O 15718 3055434

Y 0+060£.009 0.0221.004
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four bombardments are presented in Table .{I. In addition
tne following factors are needed for the cross section

calculation:

M = 47.90
KD = 9.9 + 0.1 counts/min//Aa
a(Ti*®) - 0.7345

The errors given are estimated standard geviations. The
distinctive features of the individual vomvardients are

treated below.

HBeam Jetermiration

It was noted that in bombardment 4 the traffic counter
occasionally introduced extrareous charres into the current
integrator. The caeck on the calibration factor showed that

it may have been high by about 25 per cent for bLombardments

-

arcet Freparation

The titanium foil used for the tarcets has been described
on paze 60. The metal was cut into piecas sliz tly lar:-er than
tiie opening in the tarzet support which was specially made
from 1/16 inch aluminum. The opening was a rectancular hole
measuring 1/2 x 1 inech machined in the center of the tar-et
surport. - The tarrset was Scotch-taped.ﬁo tae back of the
Support, so t .at the rectangular opening definesd the area
0l the titanium hit by the deuterons. In the absolute
determinations, C.001 inech Pvrlar films were placed behind the
foil to serve as catchers for recoil in te same war as the

target suwnstirates served for the other tarcet elements.
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Chemical Procedure

The chemical protedure of figure 24 was followed except
for minor changes. In bombardmeﬂt 3, the scandium was carried
through four cycles instead of the usual three. Conductivity
water wasn't used for the preparation of reagents until bom-
bardments 4 and 5, so that more solid matter was present on
tne lor samples in the earlier runs.

The tracer used was high specific activity &5-day Sché
(Carbide and Carbon Chemicals Co., Oak itidge National Laboratory,
Cak Ridge, Tennessee, Catalogue No. 3c-46-P). The solution
of SCL’6 used in the chemical yield determination was processed
through two cycles of the chemical separations procedure used
in the titanium bombardments. About 20 ml of the purified
Sc:l"‘6 solution was stored in a polyethene bottle. Three
samples of the ScAé solution for the determination of the
amount of tracer added were Prepared at the same time as an
equal aliquot was added to the Phillips beaker. In bombard-
ment 4 this was done after a homogeneous solution was
obtained, and in bombardment 5 before the target was dis-
solved. The L plates used for the tracer were identical

to those used for the chemically separated producte.

Absolute Beta Counting

Diserimination curves for scandium are shown in figures
LE and 49 corresponding to 70 and 100 per cent #5-day
Sc46 respectively in the Schh— Sché- Sch7- Schg mixture.
The data were taken on the sample from titanium bombardment &4

and were corrected for decay. The standard deviation

)
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Fig, 48. Diserimination curves of a asixture of 70 per cent
scxé and 30 por cent g5e%%4ge +3048 taken from titanium
bombardment 4. The limits ™ of the counting error shown are
twice the standard deviation of a single point.
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Fige 49. Discrimination curves of 100 per cent 5cH0 taken
from titanium bombardment 4. The 1lirits of <he counting
error shown are twice the standard deviation of a single point.
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FILM ABSORPTION CURVE OF SCANDIUM
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380
50 % Sc*°

370 —

360} . §_§k | §“

L
230}
'_
= § : 82% Sc*®
=220 b
=
T
%210— § R ~§~
2 20%.
=
oD
S 150k §

46

145 |— I0O0 % Sc

|35: g § §

130 |—
| | l | | | [ l l | l | |
I 2 3 4 5 6 7 8 9 10 Il 12 13
EQUIVALENT LAYERS OF FILM |
| I | !
O [ele] 200 300 400 500
| FILM THICKNESS (ug/cm?®)
rig, 50., Film absorption curve of various mixtures of qcuP

e, u347 and ch taken from titanium bembardinent 5e m1e
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corresponding to the average deviation of the Points on
the discrimination plateau 6f figure 49 was found to be
2.0 per cent. This is larger than the error due to counting
statistics, but it is reasonabnle considering that these
data were collected over =z rveriod of eight days.

The film absorption curves are presented in figure 50,
The sample plates were prepared as illustrated in figure 32
and consisted in different numbers of lavers of Zapon coated
- With gold. The thickness of the films were determined by the

NniO3

p-ray absorption method discussed on page 100, The data
were taken from bombardment 5 and each point was corrected
for decay. Although the curve does exhibit a definite slope,
the decay curves were taken of samples mounted on only two

layers of Zapon, so the film absorption correction amounts

to only about 1 per cent.

Analysis of Decay Curves

4 typical decay curve is shown in figure 51 for titanium

O~

bombardment 4. When the £5-day Sch is graphically resolved
from the gross curve, the resulting points define a straight
line whose slope corresponds to a nalf-life of 2.63 - 2.91
days. This is, no doubt, the compound decay curve of the
2.4-day isomer of Schum, the 3.L44-day 3047 and the 2.4-day
8044. If one assumes that these isotopes are Produced in
equal yield, that the electron~-capture branching of the
3.9-houar Schh is negligible, and that the counting efficiency

for the internal transition of Schhm is zero, the calculated

decay curve is practically a straight line corresponding
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Fige 514 Decay curve of sc dium segarated from titanium
resolved into the 85-day oc and a 82~day component.

The data were taken from titanium bombardment Lo
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- CALCULATED DECAY OF Sc 44, 47,48
10 =
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SN\ 27 sc?4
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Fige 52. Calculated decay curve of Sch#, Sca7 and Scha, assume=

reaction yields, negligible electron-capture braﬁghing

and zero counting'efficiency for interval transition of e



to a 2.6-day half-life. This is illustrated in figure 52,

étérting 2 days after bombardment to allow for the growth

of the 3.9-hour positron emitting daughter of Schhm.

These assumptions are not completely valid, but it can be

seen that the experimental decay curve is not in conflict
with expectations, and furthermore that it is practically

impossible to resolve the 2.63-2.91-day‘slope into its

components,

Cross 3ection for Scl*6

Bombardment 2 was obtained during the exploratory stage
of the work. It resulted in a sample containing a sizable
residue. The counting rate was very low, so tha§ the
resolution of the decay curve was not very accurate.

Therefore the results of this bombardment were rejected in
the calculation of cross sections. Bombardment 3 determined
relative yields while bombardment 4 and 5 determined absoclute
cross sections,

Since part of the titanium target foils were behind
tae collimator in each case, the possibility existed that
some scandium activities could nave come from (n, p) reactions
from fast secondary neutrons produced in the collimatore.

Thié resulted in an unknown systematic error.

Anotner error associated witn bombardments 4 and 5
is in tne determination of tae number of incident deuteronse.
A5 mentioned above, the integrator recorded a small but
unknown amount of beam in bombardment 4. 1 correction of 0.25

per cent was considered negligible in the integrator calibration
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‘factor for bombardment 4 and 5, as determined by the
'calloratlon checka.

Because of the uncertainties mentioned above and the
difficulty in resolving the’decay curves, the correction
fof non-constant bombardment was considered negligible.

The experimental resolution of the decay curve of bom-
bardmsnt 3 into the 85-day Sghé and the shorter component
wasvthe basis for calculéting Qy i.e., the number of atoms
6f 85#6 produced by the (d,a) reaction was referred to the
total number of atoms of the 2.4~day, 3.44-day, and LlL-hour
act1v1tles.

The standard deviations in the cross section of each
of the bombardments, estimated as for the ¥g(d, e)Na yields,
were smaller than the épread in the values from the two
sepérate determinations. 3Since there was insufficient
reason to reject eitner one of the bombardments L4 or 5,
ooth results are presented below. The cross sections thus
'obtaiﬂéd with the aid of equations (27) and (39) are

Bbdt 4: o{5c¥®) = .ooo1e 0.8 Nev

1+

00004 barn at 7.0

I+

Bodt 5: o(s¢*®) = .00070

I+

00012 barn at 7.0 + 0.8 Mev

where the errors are estimates of the standard deviation of

oombardments 4 and 5 based upon the propagzation of the errors
in the individual factors as indicated in the magnesium bom-

bardmentse.

F. Cadmium Bombardments
The chart of the nuclides for the cadmium region is

shown in figufe 53. Of tue several possible (d, a) products
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only four were seen in the bombardmeéts with 7.8 Mev
deuterons, These were the 27-minute and"l.Z—houﬂ'Agloh
isomers, the 7.6-day Aglll and the 3.2-hour Agllz;. all
B and ¥ emitters. The maximum B-ray energies of Agtil
are 1.04 and 4.2 Mev respectively. (180)

Ten bombardments of cadmium metal were obtained, most

~of which were for the purpose of developing the chemical

Qrocedure (see Chemical 3eparations Section, page 84).

Cnly in bombardment 9 was it possible to determine absolute
cross sections, with the chemical yield determined gravi-
metrically. The data and derived quantities from this
bombardment are presented in Table XII. The errors are
estimates of the stgndard deviations. The following para-

graphs deal with the distinctive features of the bombardment.

Target Preparation

This has been adequately discussed on page 70,

Chemical Procedure

The chiemical procedure has also been discussed Previously
on page &4. Using Sunderman and leinke's procedure {89)
in bombardment 9 the active silver did not completely
exchangé with the inactive silver chloride on the platinum
gauze, because the gauze was dried in a 110° dven prior to
use. This has the effect of deactivating the silver chloride
surface. Therefore the target solution was scavanged later
with ~10 mg of inactive silver carrier using the precipitation

procedure (Part II of thesis). The chemical vield was finally
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Table XII. Summary of Bombardment Data for Cd(d,a)Ag

Bombardment Noe 9
Suppressor ring (volts) 1110
D. C. supply (/ua) L0
Slits J (in.) none
3lits L (in.) vertical 0.25
horizontal 0. 50
Target N (mils of Xylar) 0.25
Target R position ) 7
- W(mg) 47.9
A(cmz) 25.7
sﬁbstrate | Revyvnolds Wrap
Integrator range D
Blcnts) | 279
T(sec) 4991
Number of Zapon layers L
Zapon soln. used {(7) 50
Cop (4g0H) 61 00+ 500
Coplagtt?) - 25000+ 300
Cos (agtth) | 372+ 8
Y O. 54+ <02
M : | 112.41
KD(cnts/min<)Aa) 9.9+0.1
a, (cat0®) 0.01215
a,(callh) 0.2:86

a3(0d113) | 0.1226
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calculated from the weigit of AgCl recovered.

Arsolute Beta Counting

Discrimination curves of the silver obtained at a time

111 104 L ot dd

corresponding to 3 per cent of Ag in the Ag - AgTTT-

Agllz mixture are shown in figure 54, each point being cor-
rected for decay. Once again there is no evidence for a
slope in the plateau, and the average deviation of the

points on the plateau corresponded was 0,85 per cent standard
deviation. No measurement was made of the extent of self
absofption, and it was felt that this unknown error was far

greater than the film absorption correction, and hence the

latter correction was not ascertained.

Analysis of Decay Curve

The decay curve is shown in figure 55, The resolution
was done graphically. Three components were observed, the
27 -minute Agloh having decayed before the counting was
started.

104 . 111

Cross Section for "1,2" hr ug y LHE , and Agllz

-t

fiThe uncertainties associated with bombardment 9 include
the unknown- error of self absorption. The decay curve
resqlution was handicapped because of the three components;
two havé.comparable half-lives. The correction for non-~
constant bombardment was not made. Unfortunately, additional

cyclotron time was not available to obtain more bombardments

of cadmium for the purpose of measuring absolute cross

sections,. R
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DISCRIMINATION CURVES OF SILVER
(CYLINDRICAL 4™ PROPORTIONAL COUNTER)
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—o— GAIN 75
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Fige 5k. Discrimipation curves of a mixture of 3 per cent Aglll
and 97 per cent Ag 1< taken from cadmium bombardment 9. The

linits of counting error shown are twice the standard deviation
of a single point.
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‘ DECAY OF SILVER
3 (CYLINDRICAL 4 PROPORTIONAL COUNTER)
10* A
Nle): =
T
I0HE
T o
Hos . | | | |
210 IO 20 30 40 50 60
= \ TIME (DAYS)
m L
(Llle QQQB . oe Aglu
w ° O' d Q0 0O ~ %‘
EE B o A 104
D
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&)
0%~
0 | | | | |
360 720‘ 1080 1440 1800 2160
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Fige 55. Decay curve of silver sefirated from cadmiET resolved
into 10l-minute AglO4, 3.2-hour Ag 2 and 7.6-day ag 1 compenentse.

The data were taken from cadmium bombardment 9.
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The values calculated with the aid of equations (27)

and'(39) are

o(1.2nag"%%) = 0,0017 + 0,0002 barn at 7.8 +0.1 Mev
a(agtt?) = 0.00049 * 0.00002 barn at 7.8 +0.1 Mev
a(aglll) = 0.0004 + 0.00COA varn at 7.8 +0.1 Mev

The errors are based upon the propagation of the individual
errors in each of tne factors, as indicated for the magnesium
bombardments, and hence represent an estimate of the standard

deviatione.

Ge Loss of Recoil Nuclei

When a target nucleus is struck by a deuteron and
undergoes a nuclear reaction,the product nucleus recoils
with a certain amount of kiretic erergy. Some nuclei will
thus be ejected from the target itself, and if some provision
is not made to catch these recoil nuclei, the apparent cross
section will be too lowe Fung (198) has studied the
dependence of the recoil loss from tiin (0.,00025-0;001 inch)
aluminum foils as a function of incident particle energy.
He used protons,- deutercns and alpha particles, and found
losses ranging from 10 to 30 per cent for energies of
40-380 Meve

In -the present work it was necessary to detesrmine the
thickness of target backing which will stop all recoil
nuclei. (Fung reported that little or no nuclei are caught

by catcher foils placed in front of the target.) An experiment
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was performed in which cadmium metal was bombarded with
Mylar films serving as recoil catchers in front and behind
the cadmium foil] The cadmium was evaporated onto a
65 4 g/cm® Zapon £ilm coated with aluminum{ The cadmium was
97/Mg/cm2 in thickness. One 0.00025 inch Mylar film was
Placed in front of two 0,00025 inch films followed by one
0.001 inch film placed bshind the target. The catcher
films were counted after bombardment with a Geiger counter.
All the films except the second film in back exhibited the
same decay curve, This one film showed the presence of a
~l0<hour period in addition to the 1lO0-minute NlB. The amount
of activity was too small to make any more accurate deter-
mination of the half-lives, It was concluded that the
range of the recoil nuclei is such that they were stopped
in the second 0.00025 inch film. Therefore all the targets
used in the absolute cross section bombardments were all
made with 0,001 inch thick substrates to be sure of stopping
all the recoils,
He Energy of the Deuteron Beam

- The energy of the deuterons from the University of
Michigan cyclotf&n has been measured by D. R. Bache. (60)
On two separate occasions he found it to be 7.89 and 7.74
Mev, Thus a day~-to-day variation of Q.15 Mev may be
expecte&. The dispersion of the focusing magnet was 6.5
kev/min at 7.8 Mev, i.e., a point source of deuterons of
various energies was spread out at the focal plane in a
band of a width corresponding to the initial energy spread.,

For the 1/2 inch wide slit used in this work the energy



-190=-

spread is 83 kev for a point source, and in practice it is
greater due to the finite slit at the window box.

The Mylar scattering target (N of figure 1) was
usually kept in the beam path during bombardment. The
degradation in energy of the deuteron beam in passing
through this 0.00025 film is negligible in comparison with
the above energy spreads.

The targets bombarded in this work degrade the energy
by approximately 0.08, 0.21, 1,6 and 0.02 Mev in the cases
of magnesium, sulfur, titanium and cadmium respectively. (199)
Thus the cross sections re?orted for these elements may be
said to have been obtajned at 7.810.1, 7.720.1, 7.020.2,

and 7,8£0.1 ev respectivelys



DISCUSSION

The accuracy of the measurement of cross sections by
phe‘procedures évolved in this work is dependent on several
factors. Large systematic errors due to lack of suppression
of éecondary electrons in the beam determination and loss
of recoil nuclei from the target itself have been success-—
fully overcome in the present work. The problem of fast
secondary neutrons was eliﬁinated by preparing targets of
j&st the right area to match the collimator aperture.

Sipce no observavle (0.6 per cent of P32) p33 Las produced in the
suifur bombardments from a possible (n, p) reaction, it was
‘coﬁcluded that stray neutrons contaminating the deuteron

beam did not present a problem when the target area does

not overlap the collimator., N

Cne major source of error arose from the difficulties
in resolving the decay curve of the (d, a) product. This has
been overcome in the fuvoraltle cuse of the sodium from,
magnesium bombardments (l5-hour and 2,6-year components)
oy the statistical analysis of a large number of decay points.
The method of least squares was applied, but this method
was found to be extremely‘time consuming. It is suggested
that this method be coded for use with an elecuronic computer
such as 2I1I3AaC (iMichigan Digital iLutomatic Computer). Cnce
the initial coding were accomplished, for a general decay curve
consisting of n components of m unknown half-lives, the
resolution of complex decay curves could be acéomplished

in a minimum amount of time.

~101-



The present integrator is the other major source of
error. This instrument was only linsar at the very low
counting rates and the calibration was only trusted to 1
per cent. A new unit is under construction, but no data
:ave been obtained with it as yet. It is expected that with
its completion 0.1 per cent accuracy can be achieved in the
measurement of the cyclotron veam.

The metal evaporator is very useful for obtaining thin,
even targets, It could be iméroved if a larger diffusion
pump on the metal evagorator would make it possible to

6

oy erate at lower pressures (~107° mm mercury) witiout the
po:.:8ibility of introduction of air and otaer gases »y small
leaks and outgassing of the heater assembly. Thus the
formation of oxides 6f the metal to be evaporated would be
alleviated.,

Two additional pieces of work could be done on the
L counting procedure. The effect of a conducting coating
on the tnin plastic films :sed in 4 counting could be more
Precisely evaluated as tiere 1is still disagreement on this
point in the litefature. (51, 4£) This could be done by
preparing two series of samples of equal aliquots of a
weak £ emitter on plastic films of varying thiickness. If
one series had a conducting layer and tne otlher did not,
-any discrepency between the two absoclute counting rates
would be evidence for the effect. An improvement could
also be made in the measurement of the thickness of the gold

plus Zavscon films by securing more ansolute (gravimetricall
.b') Iy [ &



-193~
idetermined) points on the N163 B~ray transmission curve,
figure 27.

-The maximum accuracy of the metrnods developed in this
work is represented by the Mg(d, a)Na cross sections in
witich 4 per cent accuracy (standard deviation) was achieved.
Lven this errcr could have been reduced if more points had
been obtained on the decay curve. The éccuracy of the other
cross section measurements suffered from experimental
difficulties which could be overcome as outlined below.

The accuracy of the P{(d, a)S cross section could be
improved if a thin target éf a salt such as NaZSOh could
be prepared, an investigation of the exchange of phosphorous

tracer and (d, a) prodict were made, and enough p33 tracer

obtained and purified. Anotnher suggestion is to set up a

counting apparatus near the cyclotron and attempt to measure

the yield of the 2.55-minute P-C relative to P3% by counting the
enercvetic (3.5 Eev) E rays without performing chemical
.separation.

-’The Ti(d, a) reactions could be studied to better ad-
vantage if separated isotopes were obtained and techniques .
developed for their fabrication into thin films without
any loss. Thus the decay curves could be analyzed and

the yields of Sci¥, sci7 L8

sy and Sc¢ be determined.

As far as the Cd(d, a)ig cross sections are concerned,
tne principle extension of the presant wofk would be to
develcp a carrier-free separation of the silver, perhapé

ising an ion-exchange procedure,
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Finally, when eno.gh accurate (d, «) reaction cross
sections are obtained to give a general picture of the
systematics of the reaction, a correlation with the
existing theories should be attempted, e.g., the Bohr
theory of the compound nucleus. The variation of the
cross section as a Tunction of atomic number should re-
flect the coulomb barrier. If abisolute excitation functions
were obtained, one could ccmpare the cross sections at an
energy corresponding to a certain rercentagse above the
threshold. Schott and leinke (200} regort eg:al vields of
(d, a) products from even~even zirconium tarsget isotopes,
wnile the results of the cadmium bombardments in this
work indicate that the yields are not equal in the case

113 114 target isotopes.

of even-odd Cd and tlie even-even Cd
Thus it would be interesting to note whether or not this
odd-even effect is fortuituous. It a trend does exist the

magnitude of this effect could be investigated.



PART II: MASS ASSIGNMENT OF Agrow

a—catn—

INTRODUCTION

A survey of the nuclide chart was made very early in
this work to choose targét elements best suited for study
of the (d, a) reaction. One of the considerations in the
choice was the possibility of obtaiaing new nuclear data
by studying isotopes which heretofore had not been studied
to any great extent. Thus information on the characteri-
zation of isotopes and absglute cross sections could be
obtained at the same time.

Cadmium was one of the first elements to be bombarded.,
An inspection of the nuclide chart for the cadmium region
figure £ 3 reveals that several isotopes of silver may
result from the Cd(d, a)ig reactions. The l6-minute and
l.2-hour activities were of interest because little work
had been done to assign mass numbers to these periods,
and the (d, o) reaction would result in the production of

Agloh. The opportunity thus presented itself to observe

the periods associated with Aglob.

The radioisotope AgloA

was first reported by Enns (2C1)
as a product of a (p, n) reaction on palladium. He observed
the 73-minute and a l6-minute activity which he assigned to

102 and Agth

Ag respectively. Lindner and Perlman (2C2)
reported a 70-minute activity in a silver fraction separated
from the spallation products of antimony bombarded with
190 Mev deuterons, but they were unable to make any mass

~assignment of this activity. Johnson (2C3) observed a

195
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27 + l-minute positron activity as a daugnter of Cdloh.
Bendel and co-workers (2Q, ) bombarded palladium with

12 Mev deuterons and found a l.l-hour activity in the
silver fraction separated from the target. Recently
Haldar and Wiig (2C5) bombarded silver with high energy
protons and purified the silver radiochemically. They

A

noted a 25-minute and a l.l-hour activity and attributed

106 and/or Agloh. The silver fraction was

the former to Ag
"milked" for palladium daughter activities, and they observed
the 17-~-day Pd103 using an x-ray proportional counter. The
yvield of this daughter activity decreased with a half-life
corresponding to the l.l-hour period of silver, and hence
they assigned the l.l-hour activity to AglOB. Additional
radiation characterizations of Agloh have been made by
Cassatt (€5) using silver produced by the (d, «) reaction

on cadmium.

B BRIMEINTAL s RCCEZDURES

A; Target
In some of the work reported here natural cadmium
oxide (Baker and Adams reagent grade) powder was used
for the target material. It was wrapped in an envelope
made of 1.5 mil aluminum (Reynolds Metal Co., Richmond,
Virginia) and placed on the window box probe head (figure
7) for bombardment. Cadmium oxide electromagnetically

enriched in cdt9®

(Carbide and Carbon Chemical Co., Oak
Ridge National Lavoratory, Oak Ridge, Tennessee, 3Series

AC Sample &&(a) ) was bombarded in a similar manner.
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The mass analysis of these oxides are given in Table XIII.

Table XIII. Mass Analvsis of Cadmium Oxide Target Materials

Cadmium Isotope Atonr per cent
Natural Enriched
106 1.215 19.94
108 0,275 0.65
110 12.39 7.21
111 12.75 39.16
112 24.07 11.55
113 12.26 Lellk
114 28.26 15.25
116 7.58 1.¢80

In other cases cadmium foil of unknown purity was
rolled to 1-5 mils in thickness for bombardment on the

window box probve,

B> Chemical Ceparations

Since cadm{um is a vi-product of zinc ores cor from
copper and lead refining, these elemesnts were suspected as
impuarities in the development of thne chemical procedure.
Aluminﬁm was also present from the envelope containing the
bombarded cadmium. Considerin.; the activities produced
in these metals encountersd from (4, n), (4, p), and
(d, a) reactions there is the possibility of finding

interfering activities of the following elements present
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in the target solution: copper, zinc, gallium, silver,
cadmium, indium, thallium, lead and bismuth. The chemical
separation must be fast enough to permit the observation

of the 27-minute period, and one technique was found
especially helpful in this respect. Filter tubes (Wilkens-
Anderson Company, Chicago, Illinois, Catalogue No. 8LZ0RB)
fitted with glass wool plugs for filters make it possible
for a precipitate to be filtered, washed énd dissolved in

a matter of ~2 minutes.

The procedure adopted-is shown in figure £6. To check
the purity of the AgCl precipitate, the following procedure
was triede A portion of the final AgCl precipitéte was
subjected to further purification as follows. The precipitate
was dissolved in 3 N HC1, AgpS was precipitated with HZS’
the precipitate washed and dissolved in 1 ml. of concentrated
HNOB. The solution was diluted ca four fold and AgCl was
reprecipitated wifh 1 ml. of 6 N HCl, A sample was .repared
for counting and the remaining 4gCl was subjected to a
furtaer repurification step. The chloride was converted
to the oxide by digesting for 10 minutes with 2 ml of
6 N NaOH. This was dissolved in one drop of concentrated
HNOB, diluted ca four fold with water, and AgCl precipitated
as before with five drops of 1 N HCl, and a sample prepared
for counting. Thus three separate samples were counted
representing three different stages of chemical purification,
and the resulting decay curves were compared. If any
radioactive contaminant were present in the first silver

sample (or in the silver sample repdrified by the sulfide
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, C:iMICAL SEFARATIONS
Element separated: S3Silver Procedure by: Hall
Target Material: Cadmium Time for sep'n: 15 min

Type of bbdt: 7.8 Mev deuterons Equipment required:

. . 70 Barber filter tubes and
Yield: ~70% suction bulbs(Wilkens-
Degree of purification: ~10h %ﬁgggson’02éé6§at. no.

Yaps - . : ] ana
Advantages: Rapid separation water. bath
micro bell jar
Filtration apparatus

(Tracer Lab, Boston,
-1lass. )

Test tubes, beakers, etc.

Procedure:

(1) Place 1 ml con HNOq in 100 ml high form beaker
containing 20 m % Ag and 10 mg each of T1*, P4,
Bi**+, cu¥ , y In*** carriers. Introduce
the Cd tar et ( ~50 mg) and dissolve,

(2) bilute ca fourfold with hot water, add 2 drops 0.1%
aeresol solution and 5 drops 1 N lCl.

(3) Adjust (C1l™) to 0.0025 N and digest 1 min.

(4) Filter t :rough glass wool using filter tube and micro
bell jar. VWash twice with hot C.1 N HNOB.

(5) Dissolve precipitate off of filter by recycling 4
drops of 6 N NH)OH, catching the solution in a 5 inch
test tube,

(6) 4dd 2.5 mg Fe***, filter ard wash tie precipitate twice
&
with 6 I “-L,L-L.

(7) To tne filtrate from (6) add 3 mg eac: of the original
carriers, substituting Cd** for Ag+.

(8) Add il .C3 ard 2 dropg 1K NHhCl to precipitate AgCl
and recycle if desired.

(¢) Filter the final AgCl precipitate on a 1 inch dia-
meter filter paper using the filtration apparatus,
wash with C.1 [ HiO3, acetone, and ether.

Remarks: General references: W. W. ileinke, Cnecmical
* Procedures Used in Bombardment Work at Berkeley,
ALCD=2738(UCRL=-432) (Auzust 1949).

Fiz. ©6. Iirocedure {or tie ciemical separation of silver
from cadinium targets.
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step) it is to be expected that further purification
involving a different chemical method would result in

the alteration of the ratio of the impurity to the silver.
If this were the case the decay curves of the samples
would noct be identical. 5Since it was found that the three
samples do, in fact, exhibit identical decays, it is con-
cluded that the first silver sample (before repurification)

is radiochemically pure.,

Ce Counting

The samples were counted using two "pancake" end-
window Geiger tubes (Anton Electronic Laboratories, Inc.,
Brooklyn, New York, Type 100l1H) placed above and below
the sample., The outputs of both tubes were connected in
parallel and fed into a scale of 64 counting circuit
Nuclear-Chicago, Chicago, Illinois, Model 165). The
sample was sandwiched between two copper absorbers of
such a thickness as to stop the 1.04 Mev { rays of Aglll.

A thin end-window chlorine quenched Geiger tube
(Amperex Electronic Corporation, Hicksville, liew York,
Type 100C) mounted in a standard lead housing was also
used in conjunction with a similar scaler. No absorber
was used over the sample counted with this apparatus.

A éurvey beta~-ray spectrometer (84) was used to

distinguish between positrons and negatrons and to obtain

rough beta spectra,



~201~
EXPERIMENTAL RESULTS

Five bombardments were obtained for the mass assignment
work. The first 2 were of natural cadmium foil, numbers 3
and 4 were natural cadmium oxide, and number 5 was of

cadmium oxide enriched in Cd106

e DBombardments 1, 2 and 3
were primarily used to evaluate the chemical procedure and
develop the techniques, but some yield data were obtained
from bombardment 1. The experimental results are summarized
in Table XIV for bombardment 1, 4 and 5. The yields re=-

ported have been normalized to the 3.2-hour Aglll

acting
as an internal standard. Numbers are given for the two
different counting arrangements used.

The decay curves were quite similar to those obtained
in Part I of this thesis, and the curve presented previously
in figure 55 is typical except that the 27-minute silver
activity does not appear there. In the mass assignment work,

samples were counted as soon as 18 minutes after bombardment.

This permitted the observation of the 27-minute period.

Table {IV. Relative Yields of Silver Isotope

silver Bbdt. 1 (Cd foil) Bbdt. 4 (CdO) shdt. 5 (0d19%0)
mass o absorber o abs., Cu abs. {0 2ause Cu abse

104 (27m) 1.833 1.347 236k Ll.8

104 (68m) 0.493 0.300 1.3062 6.36 39.2

111 1 1 1 1 1

112 0.0178 0.020 0.0126

a Half-life found to be 66 min.
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The decay curves were resolved graphically with the assump-
tion that the components were the 7.6-day Aglll R06), the

112

3.2-hour Ag 07, the 27-minute Aglou(ZCB), and an isomer

of Agloh

of unknown half-life. Thus the initial activity
and slope of the unknown component was found by Successive
resolutions of the gross curve until three lines were
obtained, possessing the assumed slopes,

The increase in the relative yield of the 27-minute
and the 68-minute components which occured when the en-
riched cadmium was bombarded shows that these periods arise

from the Cd106

target isotope, In fact, the relative

increases in yield approximates the value calculated if
one assumes that the thin target formula is valid. The
comparison of relative yields from enriched and natural

cadmium targets is shown in Table XV.

Table AV: Ratio of the Relative Yields from Enriched {Bbdt.5)

and Normal Cadmium Targets (Bbdts. 1 and 4)

Silver Bbdte 1 (Cd foil) Bbdte 4 (CdO)
mass Theoretical no auvsorber no avs. Cu abs,.
104 (27m) 30.9 18 .2 ”1.0
104(68m) 30.9 12.9 21.2 30.0
111 ' 1 1 1 1
112 0.635 C.71 0. 63

106

For products of Cd sy the ratio of the relative yield from

the enriched target to the relative yield from the natural
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target was calculated to be 30,9, Similarly the vield of

113 was expected to decrease by

reaction products from Cd
a factor of 0.635. These theoretical values are duplicated
in the table as well as can be expected.

Additional experiments using the beta-ray survey
spectrometer indicated that the 6é8-minute activity decays

| by positron emission. The maximum energy of these positrons

must be greater than about 1 Mev.

DISCUSSION

The assignment of the 68-minute and 27-minute activities
of silver to mass number 104 was based upon the increased
vyield of these activities when cadmium enriched in Cd106
was bombarded with 7.8 lev deuterons. The silver was
produced by the (d, a) reaction.

The energy of the deuterons was low enough so that
no (d, on) reaction products were observed, Thus the
5.3<-hour Ag113 was not present in the silver fraction.

Cd116 is 7.58 per cent abundant and a 5.3-hour activity
amounting to only 2 per cent of the initial activity of

112 or & per cent of the initial activity

the 3.2-hour Ag
of 6€-minute Aglo4 would have been detected in the decay
curve, Therefecre the {(d, an) reaction must be only about
0.002~0.05 times less probable as the (d,a) reaction.
Other work in this laboratory (200) has shown that no

(d, an) products are observed when yttrium is bombarded
with 7.8 bMev deuterons. An attempt was made to show

103

specifically that no Ag was produced by the (d, an)



-20L~

reaction in which the l7~day Pd103 daughter was milked
from the silver fraction. No activity was observed in the
palladium fraction, when counted with a Nal scintillation
crystal, although a lower detection limit could not be set.
The 6&-minute activity is therefore Aglob, an isomer
of the 27-minute Agloh. It seems that the 1l,l-hour
(66-minute) activity attributed by Halder and wWiig to
ﬁgloB on the basis of "milking" experiments is due to‘a
different nuclide from the one observed in this work, so
that two similar nalf-lives belong to adjacent isotopes

AglOB and Agloh.



APPENDIX I

Instructions fér the Use of the Metal Evaporator

Refer to figures 1l0-14 for the valve numbers, pictures

of the heater assembly, etc.

To Turn Pumps On

1. @LOSE valves 2 and 3 and open valve 1.
2. Turn water to diffusion pump ON.

3. Turn the fore pump ON.

L. Turn the diffusion purp ON.

5« After the oil is hot, feel the intake of pump to
see 1if cooling coils are dperating properly.
CAUTION: Do not tighten sylphon valves too tight-~-

just a sixteenth of a turn after the valve

has seated itself is sufficient.

To install Filament and Catcher (Substrate)

l. Clamp the filament (Helix, basket, or foil or
alundum crucible) between electrodes.

2. Check for short or open circuit.

3. FPlace the metal to be evaporated on filament.

L. Screw aluminum "ringstand™ rod in spare hole in base

 plate and JUST BARELY tighten the hex lock nut.

5. Flace substrate on aluminum frame and adjust its

position on the "ringstand" rod.
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To Evacuate Bell Jar

Vait until diffusion pump nas been hot for about
fifteen minutes, then
1. CLOSE valve 1 (3 is already closed).
2. CLUSE valve 4 (Hoke wvalve).
3. COPEN valve 2 for only five minutes at a time.
4. Turn ON vacuum gauge and adjust heater current
to 70 ma.
5. CLOSE valve 2 and wait thirty seconds: then
6. OFEN valve 1 for one minute,
7« CLOSE valve 1 (3 is already closed).
€. OFEN valve 2 for an additional period of five
minutes only.
Repeat steps 5, 6, 7, 8 until thermocouple gauge reads
1.5 mv,
9. OFEN valve 1 and continue pumping until thermo-
couple gauge indicates ~5x10'2mm.

10, CF3N valve 3 and CLU3E valve 2.

To Use Cold Trap

-

iJait until pumps have evacuated to about 10~

hmm Hg, then

l. Fill dewar about 2/3 full and bring it up under
the cold trap so that only the bottom quarter inch
is immersed.

2. 4fter about two minutes raise the trap nigher.

3. In removing the trap, allow it to reach 0°C vefore

opening the system to the atmosphere.
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Zg Open up Bell Jar

1. Remove cold trap and allow to warm up with
valves 1 and 2 open and 3 closed (while pumping
on the system),

2. CLOSE valve 2.

3. OFEN valve 4 (Hoke valve) .

4. Remove bell jar and set it on a soft towel.

-

To Turn Pump Off

1. Make sure that valves 2 and 3 are closed.
2. Turn diffusion pump OFF and wait until oil
reservoir is cool to the touch.

3. Turn fore pump OFF.

Use of Glass Bell Jar

Handle the bell jaxr with dry hands, always keeping at
least two fingers under the rim so it won't slip. 3et the
bell jar on a towel to prevent damage to rim and gasket.
Always use wire bell jar guard. Coat the inside of the bell
Jjar with a thig layer of stopcock grease for the purpose
of reducing the amount of metal Sticking'to the glass,

This permits observation throughout the evaporation process,
and the metal which did stick to the bell jar is easier to

remove,.



APPELDIX II
Maintenahce of the ki Counting Chamber -

See section on lar Proportional Counters, page 35, for

a description of the chambers, and figures 15 and 16 for

pPictures of them.

3.

7.

Qe

Center Wire Replacement: Cylindrical Chamber

Grasp a one foot length of 0.002 inch stainless steel
wire about 1/4 inch from its end using lucite forceps.
Clean this end in stainless steel soldering flux
(Joseph Hyerson and Son, Inc., Uetroit, lMichigan).
Drop a. small globule of molten solder onto an asbestos
board and immediately plunge the end of the wire into
it and let it solidify.

Thread the wire through the lucite insulator so that
the sphere of solder catches in the recesse.

Clean the wire as described below.

Replace the lucite insulator bearing the cleaned
center wire in the chamber by screwing it in loosely
{leave it eut about one turn).

Remove the old solder from the hollow tube of the
kovar seal with a needle point file, and clean the
entire seal with water and dry.

Thread the center wire through the hollow tube in the
kovar seal and affix the seal to the chamber.

Thin the external connecting wire and insert it in the

hollow tube alongside the 0.002 inch wire.
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11,

12.

13.

14

1.

S5e

6.

Be
9.
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Stretch the center wire taut and solder the two wires

~in place.

Pull on the 0.002 inch wire to see if the connection
is good. '

Cut off the excess wire as close as possible to the
solder joint.

Apply a globule of solder to the joint to cover the
end of the 0.002 inch wire.

Turn the lucite insulator inside the chamber until

the wire is taut.

Center Wire Replacement: Spherical Chamber (53)

Push the,slug about 1/2 inch out of its teflon
insulator. ' |

nemove the old solder from the end of the slug with
a needle point file. ,

Clean out the radial hole (in the side of the slug
near the end). }

Loop the 0,001 inch platinum wire through the radial
hole, out the end, and back in again.

Place the end of the slug on a hot soldering iron,
radial hole down.

Make a fillet of rosin core solder to secure the
Loop.

Pull on the ends of the 0.001 inch wire to see if the
connection is good.

Cut off the excess wire and file smooth.

Clean the loops as described below.
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Cleaning and Adjustment of 4w Counter Chambers

The following femarks are partially the results of
experience and partially a verification of some suggestions
made by Mr. W. H., Bradley, President of Nuclear Measurements
Corporation ( 53 ) and suggestions contained in the NMC
Instruction Manual., |

If the counter is contaminated or if a voltage plateau
can not be obtained (with the methane flowing at 2-3 bubbles/
sec) it may suffice to brush out the chamber with a camels
hair brush to remove dust-particles, etc., taking care not
to touch‘the center wires. 1If, however, the chamber does
not present a clean shiny surface after the brushing, it

should be disassembled and washed thoroughly with distilled

water, and dried in an oven (preferably at about 75°C since

a hotter oven will melt the Apiezon W Wax which seals the
gas iniet tubes to the chamber), The O-rings are treated in
a like manner,

A more drastic cleaning is necessary only if the chamber
is coated with.a brown layer of oxidation products and/or
if trouble is still experienced obtaining a plateau. They
should then be placed on a lathe and the outer surface
removed using in succession coarse carborundum paper
(5iC-No. 180) followed by the finer SiC-ko. 400 and lastly
SiC-No. 600, so that the surface is made smooth and shinye.
The chamber is then washed thoroughly with Tide solution,
rinsed with distilled water and dried in an oven as

described above.
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It is very important that the chambers never be

cleaned or wiped with any aromatic organic agent or car-
bon tetrachloride, since the counting rate would be
seriously affected for a long period of time due to the
continual emission of vapors of the agent which are capable
of being absorbed onto the metal and O-ring surface.

In cleaning the center wires it is best to remove
them from the chamber. First a solution of lacquer thinner
is used, followed by a Tide solution and finally distilled
water. To do this, a drop of liquid is forced partially
out of the end of a medicine dropper, and the drop is
traced over the wire taking care not to contaminate the
insulator with any of the liquid. The drop is allowed
to fall on a piece of absorbent paper and the process
repeated several times with a new drop of the same so-
lution. The electrodes are finally dried thoroughly.

Several other adjuétments and corrections were made
to the spherical counters. Platinum wire electrodes
0.001 inch in diameter (3igmund Cohn, New York, No. 479)
were substituted for the stainless steel electrodes
originally used. The original insulators for the elec-
trodes were replaced with teflon insulators. Dow Corning
702 high vacuum o0il was used as the bubbling fluid.
Finally the chamber was sealed tightly so that it did not
leak. The combination of the above alterations was found

to result in plateaus ~300 volts in length obtained with

a gas flow rate of ~3 bubbles/sece
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