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ABSOLUTE (d, a) REACTION CROSS SECTIONS

AND EXCITATION FUNCTIONS

ABSTRACT

The purpose of this research was the determinatioh of
the crose Sections of various (d; a) reactions induced by
the 7}78 i'0.0B Mev deuterons from the University of
Michigan cyclotron. Special emphesis was given to |
reactions ihvolvihg closed shell nuclei as’target isotopes.
Experimental techniques were refined to permit precieion
measurement of the cross section values.

The inVestigation involved the bombardment of thin
targets of metallic‘zirconium, molybdenum and titanium es
well as of zinc sulfide, sﬁbsequent chemical separation
of the product nuclei, identification of the products by
X-ray and y-spectroscopy end determination of the absolute
disintegration rates of p- and x-ray emitting isotopes.

The‘instruments cohstruoted during this research
included: a current integrator permitting meaSuremeht of
Ehe intehsity of the cyclotron beam with 1% error; two
U4 B-ray proportional counters, a four-inch diameter
x-ray proportional counter filled with krypton at two
atmospheres pressure and a beta thickness gauge for thin
films.

xvi



Procedures were developed to calibrate the current
integrator, to determine, with an accuracy of 1%, the
evenness of target folls by a non-destructive method,
to prepare cyclotron targetSAof materials sublimating
below 1500o C by high vacuum evaporation, to purify
various reaction products by using carrier-free chemical
separations with decontamination factors of 105 and better.
Methods were devised to determine the yield of the chemical
separations with radiocactive tracers, to identify various
isotopes by their y- and x-ray spectra, to count absolutely
x-rays and p-rays with proportional counters as well as
with coincidence set-up, and to prepare thin films used
for mounting the 47 counter samplés.

The absolute cross sections o, in millibarns, were
measured for the following (d, a) reactions at the

deuteron energy V + 0.05 Mev,

Reaction o) \
7090(a, «)v0 * 2.34 + 0.28 7.56
7r92(d, o)y * 3.79 + 0.26 7.56
Zr94(d, a)¥92 « 4.01 + 0.28 7.56
M2 (d, o)Np?° 2.95 + 0.14 7.71
M2 (a, a)Np?° * 2.35 + 0.14 7.71
Mo? ((d, a)Nbo>™ 0.98 + 0.09 7.71
Mo99(d, a)Md® 2.53 + 0.12 7.71
71400, o)set 524 + 2.6 7.71

xvii



Reaction o) v

46

T148(d; a)Sc 28.5 + 1.7 T.71

s2*(a, a)p3@ % 330.3 + 23.1 7.73

Excitatlon functions were determined for the reactions
with asterisk. The decay scheme of Y88 was investigated
and a metastable intermediary state discovered. Similar
metastable states wére found for the decay of Mn54 and
SnllB.

Absorption curves in beryllium were experimentally

determined for x-rays emitted by Y88 and Mn54.

xviili



Part 1

INTRODUCTION

The study of nuclear reactions is one of the approaches
to the knowledge of the properties of atomic nuclei. The
gquantity most significant for’such investigations 1s the
nuclear reaction cross section. It 1s a measure of the
yleld of the reaction and gives an estimate of the ability
of the target nuclel to undergo a particular kind of trans-
ition.

In recent years many articles have appeared dealing
with the study of nuclear reacfions and the measurement of
the corresponding cross sectlons. A distinction is made
in this connection between the so called "absolute" cross
sections and the "relative" cross sections. Relative cross
sections are values gilving the yield of a certain reaction
with respect to another standard or reference reaction. The
two reéctions may involve different elements or isotopes
or vary only in the interaction energies. Absolute
cross sections, on the other hand, do not require such
reference standards and are given in the absolute units
or an area.

Many workers in the past were interested only in cross
section values sufficlent for rough theoretical treatment
and spent much bf their effort on the measurement of rela-
tive cross sections, using the few previously determined
absolute}values as theilr reference standards. Although

sufficiently good relative data can be accumulated in this

1



way, large errors of the normalized values cannot be avoided
without sufficlent attention to details.

Many of the measured values have inherent errors much
larger than estimated by the investigators. Neglect of the
losses of reactlon product due to recoiling and the un-
certainties introduced by bulky counting samples emitting
B-rays contributed to these optimistic error estimates.

In some work carried out with "standardized" Geiger-
Miller counters no correction was applied for the
sensitivity of the counters to y-rays emitted in coin-
cldence with the B-particles or to the effect of back-
scattering from the supports of the counting sample. For
some studies the side reactions that may have produced
the same product as the reaction under investigation were
neglected.

Some workers based thelr measurements on relatively
thick targets for which they had no criterion as to their
uniformity. Others encountered difficulties with the
energy definition of the thresholds of charged particle
reactions. Thils was due largely to uncertainties of the
energy of the accelerator beam used. In some work the
measurement of the bombarding particles proved difficult
and yielded erroneous results due to the neglect of charge
losses from secondary electrons emerging from the target

and detecting device during bombardment.



Some investigators were very successful in minimizing

one type of error, but neglected others completely.

It is in the light of these facts that previously
reported reaction cross-section values have to be seen.
Some authors aware of them may have quoted errors of the
order of 100% or more, and thelr values are still to be
considered good. There are very few authors, however,
reporting standard errors of less than 20% for their de-
terminations of absolute cross sections.

The following few laborious attempts performed by
whole groups of investigators to establish absolute
reference standards are among the most successful:

12( 11

p, pn)C~~ reaction,used

Excellent work on the C
as primary standard by many investigators, has been re-
ported by Aamodt, Peterson and Phillips (1) as well as
McMillan and Miller (86) of the University of California
Radiation Laboratory, furthermore by Hintz and Ramsey (63)
of Harvard University. They quote a probable error of
14% and attribute more than half of it to the uncertainties
in establishing the absolute decay rate of the CTT
reaction product, by means of a calibrated Geiger-Miller counter.

Self-absorption is again the major source of error in
the work by Crandall, Millburn, Pyle and Birnham (25), who

investigated the Clz(x, xn)C11 and A127(x, X 2p n)Na24
reactions (x = p, d or a). With foil thicknesses of

polystyrene up to 0.015 inch and aluminum up to 0.010 inch



one cannot overcome the self-absorption difficulties even
using a 47 counter. Errors up to 10% standard deviation
were inherent in this work.

Some very good determinations of relative cross
sections and their dependence on energy were reported by
Ghoshal (44, 45) for silver and copper for the medium energy
range and by Meinke, Wick and Seaborg (90) for thorium and
uranium for bombarding energies of several hundred Mev.
Errors of approximately 20% for the relative values were
quoted for this latter work.

The present research attempted to avoid many of these
difficulties as far as possible. New techniques were
developed and various electronic equipment constructed and
acquired to aid in this attempt.

Some of the investigations reported in the literature
try to correlate measurements of cross sections for a
certain type of reaction covering a wide range of atomic
numbers. Measurements of this kind were published by Cohen
for the (n, 2n) and (n, p) reactions (22), by Hughes and
Sherman (66) for the (n, y) reaction, by Harvey (58) for
the (d, p) reaction, and by Blaser, Boehm, Marmier and Scherrer
(13) for the (p, n) reaction.

Insight into certain structural properties of the
nuclides zan be gained from these articles.

No such systematic treatment has been given thus far
to the (d, a) reaction. The relatively low ylelds of this

reaction prohibited extensive investigation. The few



absolute cross sections reported thus far were insufficient
in number to permit a meaningful correlatibn.

The purpose of this research was thus, to study the
(d, a) reaction of various nuclides by determining the
reaction cross sections for 7.7 Mev deuterons and measuring

"their energy dependence for lower deuteron energies where
possible. The excellent resolution of the deuteron beam
available at the University of Michigan Cyclotron, having

a known energy of T7.77 : 0.02 Mev, was of great help 1n this
respect.

Particular attention was given to the so called
"maglc number nuclei" to investigate possible effects of

nuclear structure on the (d, a) reaction yilelds.

I. Nuclear Reaction Cross Section

A. Definition
If a beam of particles is directed at a layer of
matter, the effect of this layer is additively composed
of the effects of fhe individual units (nuclei) in this
layer. These act as individual scattering centers. The

Cross Section of a nuclear reaction is thus defined by:

g = Number of events of a given type per unit time per nucleus
Number of incident particles per unit area per unit time

(1)



For charged particle reactions of the type:

a + X —> C*¥—>Y + D

where an intermediate

'complex nucleus" is formed, there
exists a threshold dependent on the Coulomb repulsion between
target nucleus and projectile. In this case reactions will
require a minimum energy of the bombarding particle, since
no compound nucleus can be formed unless the entering
particle makes contact with the target nucleus.

The cross section defined by equation (1) is dependent
on the interaction energy. The resulting "excitation"
function 1s a characteristic of the reaction. The inter-

action or excitation energy is the energy of the bombarding

deuterons and is measured in million electron volts.

B. Derivation
The cross section of a deuteron induced nuclear
reaction can be written 1in the form:

_ Number of Nuclei formed by the Reaction

o= (Number of Parent Nuclel /area)(Number of Deuterons) (2)

The dimension of the cross‘section 1s then an area measured

2 27 2
°n or better in millibarns = o Cl_

in ———
nucleus nucleus



The number Np of nuclel produced by a particular reaction

per second is thus:

(3)

where n 1s the number of parent nuclei, A is the target
area and I is the beam strength 1n deuterons per second.
If N is the number of product nuclei produced only by the
reaction with cross section ¢ and lost only by decay, and
t is the time during which the amount of the product

changes:

aN n
=195 AN (4)

=

where A 1s the decay constant related to the half-1ife by
A= (1oge 2)(t%)'1. If the bombardment is constant during
t, and if the transformation of parent atoms is small so
that I, n and o are essentially constant, the number of
product atoms present at any time during the bombardment

is gilven by the solution of above equation (cf. appendix)

(5)
At the end of a constant bombardment of time T

and at any time after the end of the bombardment:

AT, - P\
R K " (7)
A

The total number of product nuclel formed by the reaction

considered 1s then:



N,=NT=Ion/A xT (8)

If NT is known the cross section can be calculated from

T Q)

If IT is obtalned from the number of micro-ampere hours, Q,

and the number of elementary charges on the bombarding

nucleus)one obtailns

-6
5600 x 10 (10)
IT-= ) ——
(@/2) 1.60 x 1071Y
and

gl

17
o (a/a) (11)

o = 4.44 x 10

Np can be obtained by solving equation (6) for Io(n/A)

and writing

N AT
Np =10 (n/A) T= (12)
T
1-¢7XT
If the bombardment 1s not constant, it can at least be
divided into intervals of equal length during which I
can be considered constant. In this case
m a (13)
— 1, 0
N A -AAt -}‘ti
N, = l l (1L -e ) e

i=1



or

O'n h |
N D WA -2t
N o= —2(1-e )Zlie)‘i {14)
o} A
i=1

where m 1s the number of intervals and ti 1s the time
from end of the 1 th intervals to the end of the bombardment.
from equation (10) follows for this case:

L8k 3600 x 1075
- 1.60 x 1071

i~ zaAat 9) (15)

Qi being the number of micro-ampere hours 1in the 1 th
interval.

Equation (14) can then be written:

_n .m

3600 x 1006 9% - ks

o T x STREvINLC W)Z Qi (16)
i=1

Substituting Ci/K for Q; where K = counts per mlcro-
ampere-hour, the calibration constant of the Current
Integrator, and Ci the Current Integrator counts collected

in interval 1, we obtain:

N, At A K (17)
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IT. Experimental Approach

The cross sectlon, defined by equation (2) can
serve as a gulde for the quantitative experimental
approach to nuclear reactlons. The efforts of this research
may thus be classified under three main headlngs:
1. Measurement of the energy and number of deuterons
2. Determination of the number of parent nucleil
3. Identification and determination of the number of

prdductvnuclei.

The determination Qf the bombardment energles involved
mainlyvcalculations using the range-energy data‘in the litera-
ture (6, 102) while the determination of the number of
deuterons entering the reaction was reduced to the measure-
ment of the charge collected in a Faraday cup positioned'
behind the target.

The problem of determining‘the'numbér of parent nuclel
included'the‘preparation'of targets suitable for bombardment
and the ébllection of dependable data on size, weight, and
evenness of the targets.. Values for the isotoplc relative
abundancé"Were taken from the literature (65).

Most of the necessary experimental techniques,
however, had to be developed for the identification and
measurement of decay"rétes of the radioactive reaction
products. Several new instruments were designed and built
and new methods developed for chemical purifiCatioh and

counting of the reaction products.



Part 2

INSTRUMENTATION AND TECHNIQUES

In this chapter the instruments and techniques em -~
ployed for measuring the (d, a) cross sections are described
in detail. Design and performance data are given for the
Instruments and the principles of the procedures are discussed.

Some findings made when testing the equipment are reported.

I. Determination of the Energy and Number of Deuterons

A. Cyclotron
The deuterons for the research were obtained from the
L2-inch, fixed-frequency cyclotron of the Physics Department

of the University of Michigan.

1. ILayout:

A diagram of the topography of the cyclotron and its
assoclated equlpment 1is given in Fig. 1. Deuterons are
produced in the tank of the cyclotron by an electric arc
and accelerated to a maximum energy of approximately 7.8 Mev.
When the maximum energy is reached the beam 1s deflected
out of the tank by the deflector plate at B and conducted
inside the pipe E to the Focusing Magnet F.

Particles of 7.778 Mev are selected and magnetically focused
to the target plane in the scattering chamber M. The
bombardments for this research were carried out at the

position R in front of the Faraday cage T. This is inside the

11
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CYCLOTRON LAYOUT — SCHEMATIC
Y

. 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
ANALYZING MAGNET
SLITS
EXIT CHANNEL

N<XXSsS<CHUOVWDOVOZZINrXc—IOMMOODP

Fig. 1 Schematic representation of the layout of the
cyclotron vacuum system
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Fig. 2. Bombardment Chamber

Bombardment Chamber Q (Fig. 2), and situated approximately
2 ft behind the focusing plane. At the posifion R in the
bombardment chamber the dilverging beam covers an area of
approximately 2 - 3 cm2 and has a maximum strength of

1 - 2 micro-amperes under standafd operating conditions.
Behind the target position 1s the suppressor ring S, the
Faraday Cup T and other equipment not related to this

research.
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2. Beam Energy:

The energy of the deuteron beam of the cyclotron at the
focusing plane in the scattering chamber was determined in
the Fall of 1956 by Olexa Bilaniuk and found to be
T7.778 + 0.005 Mev (12). For the collimator apertures used
in this research a straggling up to 50 Kev (width at half
maximum) was assumed (7), This 7.8-Mev deuteron beam is
capable of inducing (d, a) reactions in nuclei up to the
rare-earth region, but its energy has been found to be low
enough to lie below the threshold of the (d, an) reaction
for elements as low in the periodic table as sulfur.

When bombardment energies lower than 7.8 Mev were
desired, stacked-foil techniques were employed (88).

The resulting energies were calculated from the range-
energy curves of deuterons in the anteposed absorbers.

The range-energy relationship for Mylar, aluminum, titanium,
copper, zirconium and molybdenum used for this calculation
are given 1n Table I. The values for aluminum and copper
were taken from the literature (6, 102). The values for
Mylar were obtained from Prof. W. C. Parkinson (94)

and the values for titanium, zirconium and molybdenum were
obtained by 1nterpolation.*

This interpolation was done by the fc¢llowing method:

. The proton range=-energy relations for molybdenum have
recently been published in a Russian journal (107) but
were 1naccessible to the author.
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~ deuteron range
at. wt.

The values of were calculated and plotted
vs. the atomic number for,aluminum, copper and silvér.
Slightly curved lines were obtained for the'points of
correépondihg energies. The ratio

(range/at. wt.) element
(range/at. wt.) copper

was calculated and a plot of this ratio vs. the deuteron
energy prepared. A smooth curve was fitted to the points
of this plot and the value of thils curve at a particular

energy taken as the interpolated R. Multiplication by the

range
at.wt.

ylelded the range values of deuterons of the given energy in

value for copper and the atomic weight of‘the element

the element as reported in -Table I.
(range in element)E = R (range in copper)E at. wt.

The uncertainties incurred by application of the
extrapolations being of the order of + 5% are smaller than

the beam energy attenuation in the targets used.

B. Techniques and Instruments Used to Induce

and Control the Nuclear Reactions

1. Bmeardmeht Chamber.

. The Bombardment Chamber (Fig. 2) contains the Faraday
cage mounted on Tefloﬁ insulators (Fig. 3%). A Suppressor
Ring is mounted immediately before the mouth of the

Faraday cage. The entire unit is mounted on a small wagon
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Fig. 3. Faraday Cage and Target Probe Assembly

by which it can be removed from the path of the cyclotron
bean, When not in use. The cage as well as the suppressor
ring are connected via shielded flexible cables to two
Kovar-glass seals and Teflon insulated high voltage connectors
on top of the Bombardment Chamber (Fig. 2).

The target, mounted on an aluminum frame fits into
the target probe assembly, which is placéd in front of the
suppressor ring.

For introduction of the target probe into the eva-

cuated bombardment chamber a vacuum lock 1s provided as

can be seen 1n Fig. 2.
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Before the actual cross sectlon determinations were
carried out for this research the bombardment chamber was
thoroughly overhauled. The chamber and all 1its contents
were thoroughly cleaned and new, more-flexible cables
installed. The surface of the Teflon insulators was
shaved and the solder joints rechecked. Intermittent check
of the equipment in the time during which experiments were

carried out insured against failures.

2. Negative High Voltage Supply and Suppressor Ring.

During the course of the bombardment secondary electrons
are freed from the target and the walls of the Faraday cage
by the impact of the deuterons. When electrons from the
target are permitted to reach the Faraday cage or those
produced in the Faraday cage permitted to escape 1t, wrong
beam-current readings are obtained. It has been reported
by Hall (49) that current readings as mﬁch as 27% too low
are obtained in this case.

A suppressor ring placed between the target and the
Faraday cage and charged with a negativé potential ex-
ceeding 200 volt prevents secondary electrons from entering
or leaving the Faraday cage. For the experiments carried
out during this research a negative potential of 1000 volt
was applied to the suppressor ring during the bombardments.

A special negative power supply was designed and
built to supply this negative potential. Fig. 4 gives

the circuilt diagram of thic unit. In Fig. 5 1t can be
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72939 @ 76134

le 5.

Fig. 4. Circult Diagram of Negative High Voltage Supply
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seen as the second panel from the top. The unit proved very

dependable\and no difficulties were experienced with 1t.

3. Current Integrator.

The charge cqlleeted'by the Faraday cage during the
course‘df;the bbmbardment is measured'bﬁ the current
integrétor.. This oharée divided by the chafge of one
deuterén (+4.802 - 10710 esu.)‘repfesents the toﬁél number
)of deuﬁerons which penetrate the target, with an error of
less thah 0.01%. This is the éase since only very few'
interactions take place between the deuterons and the
targét,nuclei, and almost the entire beam will emerge from
the target attenuated somewhat in its energy but not‘in
intensity.

The current lntegrator is connected to the Faraday cage
by a low-capacity coaxial cablé (ua 62/U):ahd mounted in a
cabinet together with a Sorensen type lOOO'S AC 1line

voltage regulator and other auxiliary equipment. (Fig. 5)

a. The principle of operation of the current

integrator 1s best deécribed uéing the block diagram of

Fig. 7.

If‘S is closed one has a conventional feedback

amplifier on the left with an output load consisting'of

R, plus the resistance of the meter. The voltage developed -
across this load is: e3 = A el_il
Ae +e =R 1, or él(A +1) = R, 1)
ey = Ae1 =137 X Rl 11 , where A is the gain of the

- ey but

thus:

= =
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Fig." 7. 'Block Diagram of the Current Intégrator

amplifier without feedback. If A is sufficiently large,

then el’iSismall;*tInfthis case, the input terminal is

held approximately at. ground and the input current is
i, = Ak+ii*‘x':63. or approximately 1. ~ e /h |
17 A RI : 1= "3"1"
If the sw1tch 8 ds opened the amplifler will try

to maintain the appropriate potential at e3 by supplying

the meter current through the capacitor.” If il is very'i

much 1ess then i3 than “thé. voltage across the capacitor

will be Ve = ( 1/@ J[ 1.dt. Since e3 = isz and
t 1y (Ry/Ry) then ¥, = (1/0) (R /R_) /[ 1,dt.



23

Thus 1in effect the input current 1s amplified by a known

factor Ri/Rm and integrated by the capacitor C.

b. Layout and Construction. The unit was layed out

to accomodate the original version of the circuitry as ob-

- tained from S. Rankéwitzf(ioo)‘at Brookhaven National
Laboratory  (Fig. 6), The instrument has..10 ranges and is
able to integrate currents as low as 0.0l micro-ampere and
as high as 100 micro-amperesat full deflection of the

"Current Indicate'meter  (Fig. 8).

Fig. 8. ' Current Integrator Panel

When the instrument was first tested it was impossible
to adjust 1t to indicate "no current". The wirihg was |
thoroughly checked but with no avail. As preclsion parts
were used throughout, component fallure was quite unlikely.
Tntroduction of a feedback loop, changing the values of
several resistors and addition of a 75 ohm potentiometer

for fine control adjustment of the "zero integrate" potenti-
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ometer, resolved the initial difficulties. A view of the
chassis wiring is glven in Fig. 9 and a close-up of the
panel in Fig. 8. Fig. 10 and 11 give the dilagram of the

corrected circuits as used in the present unit.

c. Calibration of Current Integrator: The Current

Integrator built in the Fall of 1955 was calibrated against
a known current. ‘The method employed 1is best seen from
the block diagram of the calibration circultry shown in

Fig. 12. The Weston standard cell was compared with a wall

S

STANDARD POTENTIOMETER } STORAGE
CELL . BATTERY

]

, " HI-MEG. STANDARD ‘ FARADAY
. :&/én RE%I(S);ANGE RESISTOR CURRENT cuP
sopey |\ . INTEGRATOR

Fig. 12. Block Diagram of Apparatus Used

to Calibrate the Current Integrator.

mounted standard to within + 0.001%. The latter had been
calibrated by the National Bureau of Standards. The
Potentiometer was a Rubicon type B, operated with a Leeds

and Northrup type R = 2500 galvanometer. This combination



28

Was'found'te be able to measure a 1 millivolt drop of
potential across a 10,000~ohm standard resistor with an
accuracy of 0.02% standard error. A ILeeds and Northrup
type 4040 resistor was used for the standard. Ibs resistance
had been measured in 1954 by the‘National Bureau of Standards
‘and found to be 10,005.2 ohm + 0.1 ohm.

Six drycells connected iﬁ series and pafallel were
used to drive the potentiometer. The High-Meg resistence
box_contained lE‘glass—sealed high meg ohm resistors ranging

from 10 x 1O6

tolloﬁ x 107 ohms (Victoreen Instrument Co.,
Cleveland, Ohio) mounted on Steatite selector switches and
/enclosed in an alrtight desiccated copper box with two
(UG 496/U) cable connectors as output (Fig. 5, top panel).
A very stable high‘voitegevpower supply was used for
supplying the calibration current. .This unit had been
pbullt in this laboratory by W. Cassatt (17) 1in 1953.
During the calibration procedure the Faraday cage
was connécted to the same input'connecter on the current
integrator as the standard fesistor.' Excellent 1;near
relation between current integrator counting rate and
calibration current was found for all ranges of the unit.
Fig. 13 is the calibration curve for the range used
exclusively during this research, representing a slope
of 64.79 counts pervminute per micro-ampere.

The factor K of equation (17) 1s thus:

K = 64.79 + 0.6% counts per micro-ampere hour.
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Fig. 13. Calibration Curve of Current Integrator

A least-squares analysis of the ten calibration polnts
gave a standard deviation of 0.6% from perfect linearity.
Since the deviation was found to be random, currents up‘to
1 micro-ampere could be Iintegrated during the course of

this research with standard errors of less than 1%. With



20

a half hour warm-up period before each bombardment run the
drift characteristics were found to remain well within this
1% error for bombardments of two hourS'and more.

The performance of the instrument was Qery satis-
factory after an initial failure of the millisecond relay

due to exceedingly strong surge currents had been corrected.
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IT. Determination of the Number of Parent Nuclei in the

Target

The second factor entering into the cross section
equation (2) 1s the concentration of the number of parent
nuclei in the target. Thils value depends largely on thé
dimensions of the targets whose measuremeﬁts are facilitated

by the use of carefully prepared targets.

A. Targets

Two factors enter into the considerations for pre-
paring targets for the cross section measurements: When
penetrating the target the deuterons are slowed down. For
good energy definition of the cross sections it is, how-
ever, important that nuclel lylng on the bottom of the
target should undergé nuclear reactions with deuterons
of more or less the same energy as those. lylng on the top.
Thus, the target used for experiments intended to measure
cross sectibns should be thinl Too few nucleil expésed
to the beam in extremely thin targets, however, will result
in too few interactions and too little feactioh product for
measurement. The optimum target thickness must thus be a
compromlse and was found for thls research to be
approximately 0.0001 inch or 2 - 5 mg/cm?2

During the nuclear reaction the momentum of the

bombarding deuteron is transferred to the compound nucleus
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and part of 1t to the reaction product nucleus. This
momentum might be strong enough to make the products leave
the target itself. It was found (56) that such re-
colls emerge primarily from fhe back of the target and are
stopped completely by a- 1-mil Mylar film placed immediately
behind the target itself. For the present research l-mil

Mylar substrates were used for this purpose.

fe———— 2-3/4"

- | -3 /8" ——=]

2-3/4"

I-1/2"

Material: Aluminum 1/16" Thick

Fig. 14. Dimensions of Aluminum Target Frames
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1. Target Preparation.

There are essentially two ways of preparing thin and
even targets: the use of thin metal foils and the deposition
of the target substance onto a substrate by high vacuum
evaporation.

a. Metal Folls. Refractory metals 1iké zirconium,

titanium and 'molybdenum could not be evaporated in the metal
evaporator available in this laboratory. With the help of
various industrial firms it was, however, possible to obtailn thin
foils of these materials which céuld be used‘for targets.

Disks were cut from the folls with a 1;474‘i_01002¥inch

diameter punch die; These disks were glued onto a 1-mil

Mylar film serving as the Substrate and mounted on aluminum
target frames.

Mounting the targets on 1/16-inch—thick aluminum frames
prevented deuterons which did not penetrate the target from
reaching the Faraday cage. To minimize interaction of
target nuclei with any neutrons produced by the Al(d, n)Si
reaction in the frame, targets were cut to just f£ill but not
overlap the aperture of the target frame and mounted on the
beam-exposed side of the frame. The dimensions of the
target frames can be seen in Fig. 14.

b. High Vacuum Evaporation. Targets for the S(d, a)P

reaction were made by high vacuum evaporation. Thelr
preparation posed considerable difficulties. Materials

to consider for these evaporations were: elemental sulfur,
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Fig. 15. High Vacuum Evaporator

lithium sulfate, cadmium sulfide and zinc sulfide.

Only very uneven targets could be prepared with
elemental sulfur, they were also found to evaporate during
the bombardment with deuterons (54). Efforts to evaporate
1ithium sulfate, a substance producing no long-lived
radioactive side products on deuteron bombardment, failed
after repeated attempts. Reasonably good target deposits
were obtained, however, with cadmium sulfide.

A technique was evolved at last for preparing targets
for the study of the S(d; a)P reaction by evaporating zinc

sulfide onto the roughened surface of a Mylar £ilm.
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The zinc sulfide did not stick to the smooth Mylar film,
Proper roughening of the Mylar surface was accomplished in
the foiloWing way. A 0.00l-inch-thick sheet of Mylar was
stretched over a glass p;ate with the aid of masking fape.
The Mylar was then rubbed with a cotton wad dipped into a
paste of fine pumice to produce an evenly roughened surface.
Squares fitting the target frames were cut out of the
roughened Mylar and mounted onto the frames with the
roughened slde facing away from the frame. For the eva-
poration a collimator mask consisting of an identical target
frame with leveled edges was placed over the Mylar and this
assembly mounted, mask down, onto the frame of the high-
vacuum evaporator (Fig. 15). An aluminum block having
a raised circular surface was placed onto the target frame
so that the polished surface touched the smooth surface of
the Mylar to serve as a heat disslpator during the‘eva—
porations,

Chemically pure zinc sulfide was placed in the tungsten
boat serving as filament and evapqrated unto the Mylar in
high vacuum. Eight consecutlive evaporations with intermediate
rotatioh of the target were necessary to depdsit approximately
l.S'mg/cmg‘of zinc sulfide on the Mylar, éuitable for
bombardment targets.

The welght of the deposit was determined by welghing
the target frame before and after the deposition of the

zinc sulfide. It was thus necessary to prove that during
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the evaporations the target frame with the Mylar substrate
did not change its weight. This was done by exposing an
empty target frame with Mylar substrate to the same process,
but with no zinc éulfide in the tungsten boat. The weight
before and after this procedure remained the same within

0.006%, thus proving the suitability of the method.

c. Substrates and Absorbers. Mylar film 0.001~1nch

thick was chosen as substrate for most of the targets. The
primary reasons for its choice were its relatively great durabl-
1ity toward radiation and its easy destructabllity during the
chemical separations. The radioactive products due to the

18 and N 13) could be

deuteron bombardment of Mylar (F
easily separated during the purification of the reaction
products.

Aluminum foils of various thicknesses were used as
substrate for the excitation functidn runs. This was ad-
vantageous, since aluminum could serve simultaneously as
beam energy attenuator and catcher of the recoils. It was
found able‘to withstand the greaﬁer beam intensities employed

for these experiments. Some interference from aluminum in the

chemical separations could be tolerated for these runs.

2. Target Measurements
a. Weight. The average thickness of the targets was
determined_from their weight'and area. The welghts of the

foil disks were found by direct welghing with a semi-micro
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balance, which permitted weighing within 0.02 mg, repfe—
senting an error of less than 0.1% for the targets.

The weight of the zinc sulfide deposits was determined
with a regular chainomatic analytical balance. The empty
target frame with Mylar substrate was weighed before the
evaporation and then reweighed after the ZnS was deposited.
The difference in weight represented the weight of the ZnS
deposit with a standard error of approximately 0.5%.

b. 'Area. The area of the metal foll disks was

determined by the dimensions of the stamp die used for
cutting the disks. The area of the target deposits prepared
by high vacuum evaporation was determined by the dimensions
of the collimaﬁing mask used. The area of the targets was
thus known with an error of less than 0.1% standard
deviation.

c. Evenness. Erroneous results may be obtained for
the reaction cross section, if uneven targets are used
with a non-homogeneous beam. The cross-section value would
be too large, if the center of the beam struck a part of the
target which is thicker than the calculated average. It
was thus necessary for this research to prepare even targets
and obtain an estimate of the thickness variation for each
individual target.

Several methods are avallable to determine the
evenness of target films of the type described above. The
more accessible ones are less reliable and usually de-

structive. A crude way would be direct measurement of the
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thickness at different parts of the target with a good
micrometer. A destructive method consists of cutting a proto-
type target into several small sections and determining the
.weight and area of each (50), The variation in the thick-
hesses of the sections will serve for an estimate of the
thickness variation in the destroyed sample. The same
variation is assumed to occur in thé other targets made from
the same batch.

For the present research a reliable,sensitive, and non-
destructive method was sought. The search for such a
méthod resulted in the design of the beta gauge,shown in
Fig. 16, for localized measurements of thin films (4).
The instrument employs the weak 0.23-Mev p-rays of Pmlq7
and allows an estimate of the evenness of films a few mg/cm2
thick by reproducibly scanning the sample with a collimated
parallel B-ray beam 3/32-inch in diameter.
The B-ray point source of Pm147 was prepared by a
method reported previously (3). Approximately 5 milli-
curies of carrief;frée promethium chloride were deposited
in a circle‘about;o.o5 inch in diameter on a 0.0M;inch'
thick ILucite disk. The sourcé was covered with Cellophane
tape and mounted in a 7/8'inch-thick‘LQCité:chlimator
with a smooth-walleihole of 3/32=inch. diameter, The
détails of the source and collimator assembly are given

in Fig. 16. A microscope-type movable stage mounted on

the source assembly allows reproducible scanning of the
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ALUMINUM ABSORPTION CURVE OF
Pm'47 BETA RAYS
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mg/cmzAl

Fig. 17. Aluminum Absofption Curve of Pm147 B-rays

thin-film samples. A thin-window Geiger-Mlller tube is
suspended above the collimator hole and 1s protected by a
0.04-1nch-thick plastic disk with a 1/4~inch central
collimating hole.

A typicalraluminum'absorption curge for ﬁhe Q.EB—Mev

p - particlesrof Pml47 taken with the gauge and standard
aluminum absorbérs is glven in Fig. 17; From thiS curve
1t 1is seen that the instrument 1s most sensitiVe for films
up to 6 mg/cmg. ' In this range 1t is possible to discover
thickness variations from point to point of less than

0.1 mg/cmg.' Fig. 18 shows the performance of the gauge
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Fig. 18. Typical Scanning Data Obtained with a
Relatively Uneven Sulfur Target. Nine points

1/4 inch apart were scanned three times in random
order. (X) Scan No. 1; (w ) Scan No. 2; (e ) Scan
No. 3. Counting time was 10 min per point giving
a reliable error of 1% per count.

with a relatively uneven target of elemental sulfur de-
posited on Mylar.

The thickness variation of all cyclotron targets used
in this research was determined with the Pm147 gauge. The
metal,foils,couidrbe measured directly, the variations 1in
the ZnS deposits were determined by diffefence. “For the
latter, fifteen measurements were taken on the Mylar sub-
Strate at points distributed over a 25 cm2 area. Zinc

sulfide was then evaporated onto the film and counts again
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taken at the identical 15 positions. The difference of the
counting rates was calculated for each position and the

data evaluated by the 1east~squares method. A standard
deviation from perfect evenness of less than 1% was obtained

for several ZnS deposits by thls procedure.

B. Calculations

The total number of nuclei in the target given by the
chemical atomlc weight and Avogadro's number, the welght and
area of the target, as well as the isotopilc abundance of
the nuclel of the parent species in the naturally occurring
element enter into the calculation of the pareﬁt isotope
concentration fof axnuclear reaction.

Data for weight and area were obtalned expefimentally
as described above. The chemical atomic weights were taken
from the International Table of Atomic Weights (125),
the 1sotopic abundances from the Brookhaven National
ILaboratory Report on Neutron Cross Sections of July 1955 (65).

The éoncentration of the parent nuclel 1n the target

was then calculated by:

n/A = (weight) (isotopic abundance) (6.02 - 10°7)
~ T(atomic weight) (area) (chemical atomic weight)
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IIT. Deternination of the Number of ProductNuclei

The third factor entering the cross—section equation
is the number of nuclei produéed by the reaction. From the
development of the cross-section formula as gilven in
sectlon I-B of the Introduction, i1t 1s seen that this amounted
to the determination of the absolute‘disintegration rate
of the product nuclel at the end of the bombardment. The
methods and instruments used for purifying, identifying
and'counting the nuclei produced by the\(d; a) reactions

are described below.

A. Radiations from Product Nuclei

An excess of either protons or neutrons in a nucleus
can, according to FaJans!' and Soddy's "Displacement Law"
of 1913 (35, 118) be corrected by the emission of an
appropriate B-particle. Nuclel with neutron excess emit
negatrons (B”), nuclei with proton excess emit pésitrons
(5+). The energles of the P-rays emitted by a particular
nucleus vary from very small values to a certain maximum
energy characteristic of the emitter. The distribution
of these energies (S—spectrum) can explain certain nuclear
characteristics, and is at the present the subject of ex-
tensive studies carried out by many authors (e.g. see 68 and 71).

For the positron emitters there exists an alternate

path of decay. The nucleus can capture an electron
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from the electronic shell of the atom and by this process
achieve the same effect as by positron emission. As the
hole in the electronic shell is filled, a characteristic

x-ray is emitted indicating the capture process.

In case the product nucleus from a p - decay or
electron capture process 1s left in an ;xcited state, it will
lose energy by y-ray emlisslon to go to a less exclited, more
stable form of the same isotope. The three types of radio-
activity encountered in the middle of the periodic table
are thus: p-rays, x-rays and fy-rays.

To count the absolute diéintegration rates of P-ray
emitting reaction products the self-absorption of B-particles
in the source material has to be considered. Electrons
and positrons emitted as PB-rays strongly interact with
matter and have relatively short ranges in solids and
liquids. When counting B-rays emitted by a source containing
much solid matter, many of the B-particles will never evén
leave the source and enter the sensitive area of the
counter. It 1s thus of great importance to use only
weightless or "carrier-free" B-ray sources, when thelr
absolute disintegration rates are to be determined.‘

X-réys and y~rays are more penetrating kinds of
radiation. Self-absorption in the source is of minor
importance when counting them. The very fact of thelr

greater penetration through matter, however, requires
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special techniques for their measurement. Much more detector
material has to be used to bring them to interact, posing
problems oftlarge background rates of the counters, partial

interaction of the radiation with the counter material)etc.

B. Chemical Separation

The product nuclei of the (d, a) reaction are chemically
different from the target element and any other nuclear
species produced by the interaction of 7.8=Mev deuterons
with the target nuclei. It is thus possible to separate
the (d, a) reaction product from the target material and
radiocactive impurities by chemical means.

The determination of absolute disintegration rates 1n
a sample of B-ray emitting reaction product can only be
carried out on bulk-free counting samples. The qhemical
separation steps must thus form a "carrier-free" procedure
and yield the (d, a) reaction product in pure and bulk-less
form. In addition it 1s neceSsary to know the yleld of

the chemical separations employed.

1. Methods fof Carrier-free Chemlcal Separations

Primarily four méthods are'available for the chemist to
separate a small amount of actiﬁity from macfo amounts of
impurities by carrier-free procedures: recolil methods,
solvent extractions, simulﬁaneous précipitation and ioﬂ

exchange.
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a. Recoll Methods. Recoil methods were employed

already in the early stages of nuclear chemistry and seem

to gain increasing interest in the recent literature (91, 120),

They are based on the principle that upon the emission of

radiation (in particular o radiation) or after the impact

of an accelerated particle, the recoiling daughter nucleus

has enough momentﬁm to escape from the sample. This carrier-

free product may be collected in some catcher material.

In énother case, recolling nuclel might break theilr bonds

in insoluble substances and form soluble lons which can

be eluted from the original molecular substance (24, 121) ,
These methods are éxtremely sultable for the character-

ization of short lived isotopes. They cannot be used,

however, for absolute yleld determination of nuclear reactions,

since not all reacting nuclei will recoil in the right

direction to escape the original sample and be oollected

by the catcher.

b. Solvent Extraction . Solvent extraction methods

are relatively common for carrier-free separation procedures.
They make use of the different solubility of

certaln specles in various solvents. As this behavior is the

same for.-micro and macro amounts, rather good chemical

separations can be effected (73). For the present research

solvent extraction procedures were avoided. They seemed

to offer too few real advantages to offset the risks of

spills when performing them in a hurry and under pressure.
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c. Simultaneous Precipitation or Scavenging. Micro-

amounts’of radioactive specles wili'precipitate from a
medium in which they are insoluble together with an added
carrier of different chemical nature which 1s equally in-
soluble in the medium (BB,BA)The latter forms the bulk of
the precipitate which can be centrifuged and filtered. When
employling such a method it 1s well to keep 1in mind that
every precipltation from a radioactive solution will carry
some adsorbed traces even of soluble radicactive materials
(coprecipitation). The amount of these impurities may vary
greatly, however, depending on the physical form of the
precipitate. The latter often depends on the way the
precipitation was carried out. Gelatinous precipitates

are usually good carriers, micro-crystalline precipitates
not (103).

In working with smdll amounts of a desired species
when losses cannot be afforded,precipitates intended to carry
the desired activity should be the only ones formed in a
solution. In the case that this 1is not possible,it was
found that homogeneous precipitations as pioneered by
Willard (126, 127) carry least of a desired activity
kept in solution. Homogeneous precipitations have the
additional'advantage of being able to precipitate‘only one
of two species, where both would be precipitated, if any

excess of reagent were added.
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d.  Ion Exchange. Ion-exchange techniques have found

wide application during the past decade as they opened up
an entirely new,field of separation chemistry. They permit
dependable and easy separation of species virtually in-
separable by classical methods (61, T4, 75, 93),
For the present research lon exchange procedures had the
additional advantage of equal applicability to macro and
trace\amounts. When overloading of the resin bed was
avoided, very clean separation could be achieved. Ion ex-
change steps were mainly used for the final purification
of the reaction product rendering 1t in carrier-free form
suitable for absolute PB-ray counting. It was necessary
to use conductivity water when preparing the eluents.

Many of the ion exchange steps carrilied out employed
Dowex-2 resin in the hydrochloride form. This anion ex-
change resin, obtained from the Dow Chemical Company,
Midland, Michigan, was purified by washing with various
solutions in the followlng sequence:
Water, conc,HCl, water, 2 M HCl, water, 2 M HClOA, water,
2 M NH),OH, water, 2 M NaOH, water, conc.HCL.”

The resin thus purified was stored in 6 M HC1l and
used in small portions over a perlod of more than two

years, gilving very satisfactory performance. For each

The resin purified by a similar procedure is now
available commercially from the Bio+Rad Laboratories
of Berkeley, California.
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separatlion step the resin was packed into small columns

and washed again with distilled water and conc. HC1.

Fig. 20 gives the dimensions of the columns used with Dowex 2.
Table II indicates the ion exchange behavior of many metals

in such Dowex-2 columns (61).- Fig. 19 shows the experimen-
tal apparatus to study the elution rate of P32 from a

Dowex55O—Fe(OH) column as described in the procedure for

5

the separation of phosphorus from zinc sulfide.

2, Determination of the Chemical Yields.

When the product of the (d, a) reaction is obtained
in carrier-free form, the question remains: How much of
the ofiginal amount of reaction product was 1ost during
the chemilcal pﬁrificatidn and how much was actually incor-
porated into the sample ready for&éounting?

An excellent method to determine the yileld of a carrier-
ffee separation is the lsotope dilution technique. A known
amount of a carrier-free isotope of thé reaction product
1s added to the undissolved target.r Complete isotopic
exchange between thils tracer and the bombardment product
is effected ih;a,homogeneous‘solutiongunder rigorous chemical
conditions. The amount of'traéer isotope mounted with
‘the purified-reabtion product on the counting sample'is
determined. Thé amount of tracer lost in the separation
process will then be proportional to the amount of reaction

product lost in the separation procedure.
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Table II. Elution Properties of Various Elements from a Small

Column Charged with Dowex 2 (200 - 400 mesh) (61).

Eluting Agent

12 M HC1

6 - 9 M HC1
3 - 6 M HCL
1 - 3 M HC]

Below 0.01 M HC1
3 M HC10,,

1

=

NHAOH

1 M NaOH

=

Not eluted

‘Tl

Elements Eluted by ~5 ml., Eluting Agent

Alkali Metals, Alkaline Earths, Rare

Earths, Sc,. v, Titil, vit ITTE IV @y

ASIII ASV, SeILI, SeIV, TlI, PbII,

11T T TIT . II

BlII , Cu slowly, Al, Cr , Fe ™™,
Mn
iV, v, agx, Tax, pell, zp, Hr
FeIII, Co, Ge, Nb*

VI v IV . VI

n, Ga, Mo =, In, Sn~', Te ", Te 7,
Au (as Auclg):PbII

SnII, HgII, BiIII, SbV slowly

ITT

Po, €d, Sb~", 567 slowly

Pd, Ag, SbTIL, spV

W

TC*’.RU’ Rh, Re, OS, Ir,VPtIV, AuIII,

IIT

* In trace concentrations only
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It may be pointed out that complete isotopic ex-
change is a stringent requirement for the successful
application of this method. It can be achieved only in
homogeneous liquids under severe chemical conditions such
as strong acids and oxidizing media. Radioactive isotopes
to_be used for yield determination of the separations of
this research had to meet.the following specifications.

The half-1ife of the tracer must be either considerably

longer or shorter than that of the reaction product to per-

mit easy resolution of the decay curves. If there is only

one reaction product, the tracer must not be identical with it.

The tracer must be chemically pure, free of contaminating acti-

vity and available in carrier-free or partially carrier-free form.
If the tracer used is 1dentilical to one of several

reaction products,at least two bombardments will bé

neoessary for the cross-section determination. The first

bombardment will establish the ratio of the components

in the reaction product at the end of the bombardment

without addition of tracer. The second experiment, with

tracer, will determine the ratio of the components as if

the tracer had also been produced by the bombardment,

The amount of isotope identical with the tracer, but

produced during the second bombardment can then be cal-

culated\from the count rate of the other component and

the ratio determined by the first bombardment. The chemical

yield 1is established by comparing the amount of tracer
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carried through the separations with the amount of tracer
isotope initially added.

It is unneccessary to determine the count rate of the
tracer absolutely or}with the same counter with which the
reaction product is counted; as long as 1t 1s possible to
establish the ratio of tracer material carried through the
chemical procedure to the amount originally added, the
chemical yield can be determined. |

The various tracer methods employed during this research
as well as the identification of the tracers used will be
described with the individual bombardments in the experi-

mental part.

C. Identification and Measurement of Radioactive Reaction

Products

Varlous counters were employed in this research to
identify the reaction products and determine their decay
rates. The operation and design of these counters as well

as thelr use is described below.

1. Beta-ray Counting.

Most of the reactién products encountered were P-ray
emitters. Particular emphasis was thus given to counting
this type of radiation. Relative PB-ray counting was carried
out with a Los Alamos type thin window proportional counter;

absolute beta counting with two Borkowski-type 47 pro-
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portional counters. For aliquoting and estimations of B-

ray activities Geiger-MlUller counters were used.

a. Propoftional Counting. The proportional counter

consists of a cylindrical or rectangular chamber whose

Walls are made of conducting material{ A thin wire serving
as anodé forms the axi$70f the chamber. This center wire

is insulated fromvthe ébnducting wall and can'be’chargéd to
a potential of several thousand voltS} As counter gas

‘very pureé methane or mixtures of argon and methane are used.
The‘design of todays proportidhal counters}is essentially‘ |
the same as was developed by Geiger and Miller in 1928 (42).
The ionization-amplification in the counter procedes by

the following steﬁs: |

A particle enters thé chamber and produces primary
ionizatlon Qf the counter gas 1in the vicinity of its tra-
jectory.‘ Thé ”sécondary" electrons thus produced are
attracted to the anode wire and acéeleratedlby the electric
field. When their kinetic energy reaches a value great
enough to ionize anbthér gas molecuie on collision; a
'second genératioﬁ of electrohs is produced. ‘Both electfons
travel now towards the anode, colliding with new gas
molequlés‘as they gain momentum. This avalanching continues
until‘all eleétrons are collected by the anode, resulting

1n a sudden drop of the potentlal of the wire and producing

an electric pulse to the number electrons collected.
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Fig. 21. Counting Room. Left: thin window
proportional counter housing and PA-2 amplifier
etc. Center: Borkowski-type 47 proportional
counter in lead housing with Nuclear Chilcago
Ultrascaler. Right: same as center. Counter
shielding closed.

The fleld gradient around the anode is very large.
Most of the avalanche thus takes place in the direct
vicinity of the wire. Thisvrésults in an excess of po-
sitive ions in‘the Vicinity of thé wire which are re-
pelled from i1t with great violence. As the positive iohs
recede from the wiﬁe and travel toward the wall, the
negative pﬁlse is furthef increased by ihduction. The
second part of the prbcess requires approximately hundred
times as much time as the collectibn of the electrons, so
that the total pulse has a steep initial rise turning into
a slower,furthef rise until the positive ilons reach the

.walls and the potential at the anode is restored. The
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size of the pulse is "proportional" to the number of
secondary electrons which again is proportional to the
energy of the entering particle.

As the positive ions strike the wall they may liberate
a new set of electrons as so called delta-rays. These move
rapidly towards the center wire and thus renew the process
previously terminated. To suppress this "double pulse" effect
organic substances are admixed to the counting gas or used
themselves for the counting gas. The organic molecules
exchange electrons with the positive ions so that virtually
only ions of the organic molecules reach the counter walls.
The energy which would otherwise be used for liberating
electrons from the wall is now used fto decompose the mole-
cule of the "quencher". The probability of producing delta
rays despite the quench gas is increased with the size of
the avalanche which in turn is dependent on the anode
potential. Double pulsing will thus determine the upper
1imit of the potential with which the chamber can be
operated.

One characteristic of every counter is its voltage
plateau. This plateau is the range of anode voltages for
which the counter is able to produce distinguishable pulses
for every particle entering the counter during its sensitive
time. The limits of the plateau are voltages too weak to
permit the formation of a distinguishable pulse for some

of the particles, and potentials for which the quenching
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‘gas becomes unable to successfully control the formation of
delta-rays.

As the polarization potential of a proportional counter
is increased, the field will first reach the strength to
produce avalanches. This voltage is the "threshold of the
counter". As the potential is increased further, the pulse
heightvis,approximately doubled for every 200 volts until
Gelger region is reached and very large amplifications due
to multi-avalanche production are obtained.

At some potential along the way the counter will be
producing pulses large enough to be recognized by the
electronic circultry connected to it. This potential will
depend on the sensitivity of the amplifier and shall be
called the "threshold of the counter-amplifier combination".
As the potential is increased further the "plateau" is
reached, i.e., the counter produces recognizable pulses for
every particle entering its sensitive volume and the
count rate does not vary with the increase of the potential.
The upper 1imit of the usable plateau of a counter-amplifier
combination 1is generally the overloading of the amplifier
which 1s unable to handle an excessive range of pulse
helghts and will block or double trigger the scaler.

(Note; this double triggering of the amplifier is due
to the differentiation of overloading pulses and is not
the same as the double pulsing due to failure of the quenching

process in the counter.)
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The insensitive time of the counter-amplifier com-
binatidn, i1.e., the time during whi¢h a pulse occurs, 1s
amplified'and the counter potential restored, is of éhe
orderiof a few microseconds.

The dead time for a\counter—amplifier combination is
dependent on the pulse height. The results of an experiment
carried OQt with one of our U4m-proportional countér to prove
this effect can be seen in Fig. 22 and Table III.

The cause for the effect is the size of the pulse which has
a length somewhat related to its/height.

| The advantages of proportional counting over Geiger—
counting are manyfold. Ionger plateaus can be obtained, and
higher‘counting rates accomodated; the energies of the
ionizing particles can be measured by the height of the
proportional pulses and less quenching material is required
for véry dependable performance.v

Certain requirements on the electronic clrcuitry,
howevér, made the use of the proportional counter practically
impossible until fecent years. The sensitivity of the
amplifier must be great enough to recognize the smallest
pulses from the counter produced by a single lon in the
counting gas. As the smallest practical proportional pulses
are of the order of a few millivolts and thé trigger pulse
of the scaler of the order of one volt, a minimum
amplification of about 1000 is required. Electronic noise
in the amplifier must be kept well below this one milli-

volt level so as not to be confused With true pulses.
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The primary ionization of the counter gas when counting
B-particles may vary by a factor of 100 and more. The range
of pulse helghts presented to the amplifier will be of
the same magnitude. If plateaus of the order of 800 v
are to be obtained and the pulse height 1s approximately
doubled by a 200 volt increase of the counter potential, the
amplifier will be required to recognlize separate pulses
varying in size by factors of 2000 or more. For the
largest pulses, the amplifier must not overload and double
trigger the scaler. The dead time of the amplifier must be
small to make best use of the properties of the proportional
counter. The scaler unit must be fast enough to handle
count rates up to 500,000 counts per minute without
appreciable loss.

These requirements could not be met until the advance
of the electronic age, but even today the cost of the
highly refined equipment prohibits the use of the method

in many cases.

b. Los Alamos-type Thin Window Proportional Counter.

Most of the relative B-ray counting carried out during these
investigations made use of a Los Alamos-type thin window
proportional chamber (76% A diagram of this counter 1is

given in Fig.23. The instrument.was set up in the Fall

of 1955 and 1s being opérated in conjunction with a modified
Los Alamos type PA-2 amplifier and S G4 scaler (Fig. 21, left)

custom built by Trott Electronics Company, Rochester,
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Explanation of Fig. 23

High voltage connector UG - 560/u

Connector support

. Left shelf rack

Counter body

Right shelf rack

Polystyrene insulator

Cover

Aluminized 1/4 mil Mylar window
Window frame '

Shelf stop

Polystyrene 1nsulator
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New York. Pléﬁeaus obtained with this combination at two
different settings of the amplifier are seen in Fig. 24,
During this research the counter was operated at a 4400
volt anode potential employling 99-mol-percent methane
(Phillips Petroleum Company, Bartlesville, Oklahoma) as
the counting gas. :

The countér was shielded by a two-inch lead housing
to reduce the background to\approximately 56 counts per ’
minute. Very reliable performance was obtalned with the
counter-amplifier combination. It can be seen at the far

left of Fig. 21 .

c. AU4r-Proportional Counters. Absolute counting
of 6—pérticles‘was cérried out With two Borkowéki—type
ﬁw-proportional'counters (122).An aluminum disk 0.010=1inch
thick with a 3/4-inch-diameter hole in the center covered
with a‘thin £ilm on which the source is mounted Separates
two identical halves of the counter. The resulting two
chambers are connected in parallel to the same input of
the amplifier so as to add their counting rates and
register colncidences as single counts. They are thus
able to detect practically every P-particle emitted by
the sample in any direction. The loss of B-rays striking
the 10-mil aluminum sample support is negligible if the
radioactive sample is deposited in a small circle of
approximately half the diameter of the sample plate

aperture. Gamma rays emitted in coincidence with the
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Fig. 25. AU4r-Proportional Counter. Left:
counter opened. Right: counter inside housing.

B-rays during the decay process will only increase the
size of the PB-ray pulse when interacting with the counter
gas. The singularity of the pulse, indicating one dis-
integration will, however, be preserved. True 100% efficiency
of the counter for detecting disintegratlions by which B-rays
are emitted is closely approximated in the case of rela-
tively strong B-rays and if "welghtless" samples are used.
In the case of very weak B-rays self-absorption in the
thin film sample mount has to be considered and the
necessary corrections applied.

Flg. 25 shows two photographs of one of the 4r counters.

The original design of the counters by Borkowski (122)
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specified operation with a mixture of 90% argon and 10%
methane at an anode potential of 1700 volfs or methane
counting gas at 2600 volts. For this purpose a 1l-mil stain-
less-steel wire was used as anode and the counter evacuated
and filled with gas for each count rate determination.

To make the counters more rugged and suitable for
routine internal counting of many samples, the design was
modified for this research. The counters operate now with
o_mil stainless steel wires at 4000 volts chamber potential.
They are used as gas-flow counters using 99-mol=percent
methane (Phillips Petroleum Company) as counting gas.

The design of the 47 counters is seen in Fig. 26.
When operated with suitable amplifiers, plateaus of the
type seen in Fig. 27 can be obtained with these counters.

The two units used were completely interchangeable
so that exactly the same count rate was obtalned when
counting a sample of very long half-life in each of the
two counters. This interchangeabillity together with the
long plateaus obtained and the counting of long-lived
secondary standards which had been compared with a P32
standard obtained by the National Bureau of Standards were
the tests for proper operation of the counters and the
basis for assuming absolute counting of B-particles in the

counter.
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Explanation of Fig. 26

1. Top chamber

2. Bottom chamber

5. Teflon insulators

4, Sample plate (10-mil aluminum disk
with a central aperture of 3/4-inch
diameter)

5. Seal insert

6. Brass nut

f. Hose connector

8. High voltage cable

9

. Kovar seal

10. Cap screws, No. 10 - 24, Allen Head,
1/2 inch long

11. "0" ring 3/4 x 9/16, 3/32 cross section
12. "O" ring 3 1/4 x 3, 1/8 cross section

15. 0.002~-inch stainless steel wire
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{ 1

NI

Fig. 26, Schematic Diagram of Ur—Proportional Counter
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Explanation of Flg. 27

Amplifier sensitivity  Correction to ordinate

1 millivolt 0
2 millivolt +500
4 millivolt +1000
6 millivolt +1500

8 millivolt +2000
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d. U4r=Counting Methods. Considerable time and

effort was spent in the present research to develop optimum
procedures for U4r counting. These ensured fool-proof and
reliablé routine operation of the counters over the long
periods of time required for following the decay curves of
the samples.

Thin Films Used as "Weightless" Source Mounts for

U Counting. Absolute B-ray counting is only possible

if the self absorption is negligible. When bulk-free sources
are used it is important to mount them on "weightless" films
or folls to make best use of the U4r counter. Various
materials are being used for this purpose and are listed
in Table IV  together with their supplier, minimum thick-
ness and method of preparation.

During the present research only Zapon films and
VYNS films were used for 4w counting, the former for
tracers, the latter for reaction products. The advantage
of the'Zapon is its relative resistance toward acids and
bases but easy destructabllity by conc. H2SOA. The ad-
vantage of the VYNS is its complete inertness toward
practlically all inorganic chemicals, and its gfeat strength
and durabillity.

The method used for preparing the Zapon films is
desribed in great detail by Hall (51). The method for
preparing the VYNS films 1s given below. The latter is

an adaptation of the method reported by Pate and Yaffe (95).
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A pail is filled with water to the brim and the water
surface cleaned by moving a metal bar across it. Two metal
bars are placed parallel to each other close to one side
of the pail. Approximately five drops of a 1/3-saturated
solution of VYNS in cyclohexanone are thep placed at
equal distances between the two bars. The bar next to the
open water surface is now moved lengthwise along the edge
of the other bar to distribute the solution evenly in the
channel between them. The bar is then momentérily lifted
from the water and some of the solution permitted to
spread across a part bf the water surface. The bar 1is
then lowered to touch the drying part of the moving film
and pulled across the water surface drawing the film
along at a desired rate. The rate of this motion determinés
the thickness of the film.

An even film area 1is selected by the color of re-
flected 1light and an aluminum frame slightly moilstened
with the film solution is placed on the film to cover this
area}(95). A woodsplint moistened with cyclohexanone serves
as a knife to free the frame from the surrounding film.

The excess fillm 1s removed and the frame with the film
lifted from the water with a rolling motion.

Several layers of film can be bullt up in this way.
Care must be taken that no water droplets and air bubbles
are trappled between the layers as the frame 1s lowered onto

a new film on the water.
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Notes to Table IV

Casting drops on water as described by Brown, Felber,
Richards and Saxon (15) and Hall (51).

Teflon-30 solution 1s painted on aluminum foll and
baked at'3500. The aluminum is then dissolved away
by dilute HC1.

Solution 1s pulled across clean water surface as
reported in section the text.

Obtained from manufacturer,
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Ar-Sample Preparation. Aluminum source disks

with two layers of film giving a brown-yellow coloration in
reflected light were used for 4w counting. The sources
were deposited on the film by means of a microplpet. Several
drops placed individually in the center of the film area
could be deposited simultaneously to permit faster eva-
poration. Sufficient distance between the drops and the
aluminum frame was kept to minimize the number of B-rays
striking the aluminum,

The samples were dried with a warm air blower and
heat lamp. The dry samples were covered with one layer
of film prepared by the same method as described above but
using a larger frame. Frosting the sample surface onto
which the film was to be placed helped the film to stick
better.

Similar one-layer films were prepared and gold plated.
One of them was deposited on top and one on the bottom
of each sample so that the gold layers formed the conducting
outside surface. A "Q-tip" saturated with cyclohexanone
served to remove excess film and ensured electrical con-
tact between gold layer and aluminum disk.

Gold plating of the Udr—sample films was carried out
either in the high vacuum evaporator mentioned above or
a specially built gold evaporator described below. The
mounted films were placed onto the frame of the evaporator

and gold evaporated from the filament. The progress of
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the deposition could be followed during the evaporation and
the process stopped when a desired shade of blue transmitted
1light was obtained. Gold deposits of approximately 20 micro-

grams per square centimeter were used for the U4y samples.

Gold Evaporator. A new induction heated eva-

porator somewhat similar to that described by Pate*

was buillt to reduce the time required to goldplate the

Y sample films. Fig. 28 shows a diagram and photograph

of the apparatus. The system consists of an evaporation
chamber with ground glass cover for introduction of the
sample frames. The neck of the chamber recelves a hemi-
spherical platinum or tungsten crucible, which can be heated
by the external induction coil made of 1/4-inch copper
tubing. The chamber 1s connected to a liquid air trap.

A Welch Duo-Seal High vacuum pump 18 able to pump the whole
syétem down to 0.1 micron 1in two minutes. By using an all
glass system no leak problems were encountered.

Need of Conductive Source Mounts. At the be-

ginning of the investigations there was conslderable un-
certainty as to the need of a conductlve source-mount.

Results from a number of laboratories seemed to 1ndi-
cate that much depends upon the size of the aperture across
which the film bearing the sample 1s stretched (52, 59, 96, 122),
Sample plates originally used in this laboratory had

openings of 1/?-inch diameter, for which some experiments

* Pate, B. D., Disintegration Rate Determination by 4r
Counting. Mc Gill University Ph. D. thesis, April 1955.
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seemed to indlcate that absolute counts could be obtained
without conductive coating.

At sufficlently high anode potentials these samples
would discharge, however. Sporadic discharge and scattering
of data were observed occasionally even at plateau voltages.
The effects seemed especlally pronounced for weak beta- and
x-ray emitters (48),

88 (

To investigate these phenomena a sample of Y a long-—
lived emitter of x-rays and weak positrons) was prepared
by depositing the 1sotope in carrier-free form on a non-
conducting layer of Zapon film and covering it with a film
of the same material. A sample plate with i/E-inch aperture
was used for this experiment. The sample was introduced
into the counting chamber and the dependence of count rate
vs. anode potential investigated. A plateau with a definite
maximum was obtained and an abrupt uncontrolled rise in
counting rate occurred at a relatively low applied potential.
To investigate this further, one-minute counts were
taken 1in succession at 100-volt intervals indicating a maximum in
the plateau region. When the same counts were taken without
interruption and before the breakdown potential had been
reached on the previous curve, a curve with a maximum was
again obtained, but the count rates were consistently far
below the corresponding ones of the first curve. A third

curve taken without 1nterruption again lay below the

previous one and thus successive curves. A certain
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limiting curve seemed to be approached after several curves
were taken. This can be seen from Fig. 29. Interruption
of the successive counts, when the anode potentlal was at
the upper end of the range resulted in a much lower following
curve, while hesltation at a lower voltage resulted in
a higher plateau curve. When the voltage was turned off
for several hours the original curve could be reproduced.
This time and voltage dependent hysteresis effect can
be explained in the following way. Charge is building up
on the sample by drifting positive ions striking the
non-conductive film.(lEE) The effectlve potential between
source and anode 1s thus decreased below the edge of the
plateau and the count rate decreased. As this effect is
dependent on the rate of production of positive lons 1in the
proportional counter which again depends on the size of
the avalanche, a maximum in the plateau curve i1s to be ex-
pected.
Another phenomenon was traced to the same cause.
When the voltage on the counter reached the breakdown
potential, a discharge started, then accelerated until
the scaler jammed. Reduction of the high voltage several
hundred volts below the "breakdown" potential would not
terminate the discharge. When the high voltage was
turned off completely after a discharge and then turned
on again, discharge started at a much lower potential
than the first time. Longer walting after the voltage

was turned off raised the breakdown potential.
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The same sample was next gold plated on one side without
improving the above characteristics. When the other side
was alsogold plated, however, a reproducible plateau as
seen in curve VIII, Fig. 29 was obtained. No maximum was
observed in this plateau and no discharge occurred up to
5000 volts. (The relatively large slope of this curve is
due to double triggering of an overloading amplifier and
has since been rectified).

The result of this investigation proved the necessity
of conducting source mounts for Ur samples. All samples
used for the cross sectilon experiments reported in the
experimental part were goldplated and no scattering of
data or sporadic discharges was experienced with them. As a
result of these findings 3/4~inch=-aperture sample mounts
were used facilitating the sample preparation for the
bombardment runs.

Amplifier., The amplifier is the most sensitilve

part of a proportional counter set-up. It must distinguish
pulses from the proportional chamber varying in size by
a factor of 2000 or more and introduce no spurious counts.
Its dead time must be small and the amplifler responsive
even at very high counting rates.

It took considerable effort to find the best amplifier
scaler comblnation for the two 47 counters. The final
cholce fell on the Nuclear-Chicago Ultrascaler Model 192X

which incorporates in one unit an excellent amplifier with
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good overload characteristics, a very stable 5000-volt

powef supply,\and a fast and dependable scaling unit.
Several other features included in thils unit made routilne
counting less tedious.

Difficulties were, however, experienced even with
these aniplifiers. It took several months to bring the
two unlts to operate properly. Part of the difficulties
may be ascribed to the higher humidity and temperature 1in
the counting room during the summer months, part to tube
failures and maladjustments of certain components. When
replacing all 6AK5 tubes in both units with the more de-
pendable type 5654, considerable improvement in reliability
could be achieved. It was found advisable, however, to
check the tubes of the amplifier every two months and make
the necessary replacements.

It took the author considerable time and effort to
set up the proper procedure for Ur counting and learn the
remedies for the shortcomings enumerated in Table V.
After this experience was galned, however, no more serious
delays were encountered due to failure of the U4r-counting
equipment which 1s now considered among the most dependable

apparatus of the laboratory.
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2. X-ray Proportional Counting.

In the course of these investigations various 1sotopes
were studled which decayed by the electron-capture process.
It was attempted to i1dentify the radiations by thelr
characteristic energles, as well as to count absolutely
the x-rays emitted by a given sample (10, 39, 104, 105).

An x-ray proportional counter was built for this
purpose and various electronic equipment was constructed
or acquired to operate the counter in conjunction with a
pulse spectrometer.

a. X-ray Proportional Counter: The operation of an
x-ray proportional counter 1s very similar to the B-ray
proportional counter described in section III-C-1 (26, 40).
Some significant differences, however, shall be pointed
out at this time.

Interaction of X-rays with the Counter Gas. X-rays

do not cause primary ionization but produce in the gas of the
counter lonizing particles by elther of the following
three processes:

1. Photoelectric Effect: The x-ray entering
the counter collides with a gas atom and ejects an electron
from one of the outer electron shells of the atom. This
photo-electron having a kinetlc energy practically equal

to the energy of the x-ray now acts like the primary
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particle starting the counting process described before.
The counter pulse, proportional to the amount of primary
ionization in the counter gas, will be proportional to the
energy of the x-ray.

2. Compton Effect: The x-ray entering the
counter collides with a gas atom and transfers 1ts energy
to the atom which uses the energy for the ejection of an
orbital electron. This Compton electron will behave as
in the case above. The rest of the energy of the original
x-ray will be emitted as a so called scattered quantum.
This quantum behaving similarly to the original x-ray may
collide with another gas atom and repeat the Compton process
or eject a photoelectron.

In the two cases mentioned so far the entlre energy
of the original x-ray 1s eventually transferred into
ionization of the counter gas and a pulse pro-
portional to the original x-ray energy produced. Pulses of
this energy will fall in the so called "Photopeak" of the
X-ray spectrum.

%. Photo-Effect with Escape-X-ray from Counter
Gas: The third process by which primary electrons can be
produced in the counter gas 1s primarily important for
x-rays having a greater energy than the binding energy
of the X-electrons of the counter gas. Such x-rays may
transfer their energy to the tightly bound K-electrons of

the counter gas atom on collision. The ejected photo-
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electron will have a kinetic energy corresponding to the
energy of the initial x-ray minus the bindlng energy of
the K-electron. The ionization it will produce in the
counter will be proportional to thls energy difference
and the counter pulse smaller than that produced by the
other two processes mentlioned above. As the position

of the ejected K-electron 1s filled again a new xX-ray
characteristic to the counter gas will be emitted; This
very penetrating x-ray may not react any further with
other gas atoms and escape from the sensitive volume of
the counter. The pulses created by this process will fall
in the so called "escape-peak" of the x-ray spectrum
corresponding to an energy equal to the energy difference
between the initilal x-ray and the characteristic x-ray

of the counter gas.

Design Considerations: X-rays are more penetrating

than B-particles. An x~ray proportional sounter‘thus must

Fig. 30. X-ray Counter with Preamplifier
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have a greater sensitive volume and contalin more counting

gas than a p-raycounter. The former can be realized by
building a bigger counter, the latter by putting the
counter gas under pressure. The use of a heavier counting

gas will also increase the efficiency of the counter.

Construction Details. The design of the x-ray

proportional counter built for thls research is given in
Fig. 31.

In the Fall of 1954 the original design obtained from
the Brookhaven National Laboratories was modified
so as to simplify the machining and soldering and the
counter built by the Physics Shop of the University of
Michigan. A photograph of the counter is seen in Fig. 30.

The counter was initially operated with a 90% argon,
10% methane mixture filling and connected to a commercially
available scaler. Plateau curves obtained for different
X-ray emitters by means of this combination are shown in
Fig. 32.

The counter was tested for leaks with a filling of
three atmospheres argon-methane mixture, by submerging
the entire counter in water. While all solder joints were
found tight the 0.010-inch beryllium window obtained from
the Brush Beryllium Company of Cleveland, Ohio, was found
to contaln pinholes through which gas escaped. This had
been suspected since the thresholds of the counter when
operated with the scaler had dropped considerably during

the previous weeks.
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ITI.

VII.
VIII.

IX.

XI.
XIT.

XITT.

XIV,
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Explanation of Fig. 31

b-inch brass tubing

1 1/4-1inch Kovar tubing

Beryllium window made leak-tight by
spraying ~27 mg Glyptal lacquer on
2-inch Beryllium disk, 0.01 inch thick,.
Window cemented to surface with Apiezon
W wax

Stainless-steel plate to hold window
in place

Rubber O-ring used for gasket
UG 560/u H-V connector
3/32-inch Kovar tubing

This space machlned to fit plastic
counting shelves

Edges rounded off with ball of hard

solder
Glass to Kovar seals
0.004~inch stainless steel wire

0.04-1inch Ni tubing spot connected to
counting wire

Clean soft solder joints. Caution:
avold flux getting into countling chamber

Mill surface after all 301dering is done

Base soft-soldered to tube.
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Fig. 22. Plateau Curves Obtained with Argon - Methane Filled
X~-ray Counter
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To seal the pinholes of the beryllium window a
solution of red Glyptal lacquer in acetone was sprayed onto
the disk in several layers. Intermediate drying was
effected with the use of a 1500-watt heat lamp. The gain
of weight of the window disk due to the lacquer was found
to be 1.35 mg/me.

After replacement of the window, the counter was again
tested for leaks. After several hours immersion no bubbles
were observed either on the window or at any other point
of the counter. Another test period of one month showed
no change in threshold potential. The counter was then
considered leak tight and ready for its permanent filling.

The linear absorption coefficients for various x-ray
energies were calculated from the available literature
data(Fig. 33). It was estimated that for a 4-inch diameter
counter practically 100% counting efficiency could be
obtained for x-rays below 25 kv, if a 2-atmosphere krypton
£il1ling was used.

A mercury pump and manometer assembly was then
constructed according to the diagram of Fig. 34 and the
counter filled with 151.15 mm Hg krypton and 15.2 mm Hg
of 9% pure methane  (Phillips Petroleum Company),

Extreme care was taken not to contaminate the counter
during the filling operation.

Tests of the 2-atmosphere krypton-filled x-ray

counter proved inconclusive since the plateaus as obtained
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O

|.— Split ‘pipe as support

N

Pump

Fig. 34. Diagram of mercury pump and mano-
meter for filling the x-ray proportional
counter with 2 atmospheres of krypton.

with the commercial scaler seemed to lie above 4900 volts.

b. Electronics, Special electronlic equipment to

operate the x-ray counter and make best use of its potentia-
lities was thus required. Particular emphasls had to be
placed on the linearity and the overloading characteristics
of the amplifiers.

The preamplifier was designed with the assistance of

Prof. Hough of the Physics Départment and bullt according
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to the circult -diagram of Fig. 35. Fig. 30 gives a picture
of the preamplifier connected to the x-ray counter. The
preamplifier operates as a simple cathode follower of gain
1 with a large overload safety factor. The unit has shown
very dependable performance for more than a year.

The purchase of a sultable non-overloading amplifier
for the x-ray counter proved difficult. It was first
intended to build a double delay-line amplifier according

to the design of Francis and Bell (38) . The construction of

AMAA +290 Volt
1 ‘L‘Eo f I5K-2W
3 — —_SVH
Input I5M i; (~ B Apf T
— 700
L _\ e\ Out
b3 <8200
i»

Fig. 35. Circult Diagram of Preamplifier for
X-ray Counter

this circult was contracted to the Beva Iaboratory of

Trenton, New Jersey, in early Spring of 1955 . When in-
surmountable difficulties appeared in obtaining the unit
in August 1955 a commercially available non-overloading

amplifier was purchased. The design of this unit followed
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the layout of Chase and Higinbotham (20).  The amplifier
together with a highly regulated 5000-volt power supply
was obtained from the Radiation Instrument Company of
Silver Spring, Maryland, and put into operation at the

end of 1955.

The amplifier as now avallable has a maximum gain of
40,000. The stability 1s excellent and the overload
characteristics sufficient for obtaining good x-ray spectra
with 14% half-width resolution for Sr K-x-rays. The
linearity of the amplifier seems very good and distinction

between the x-rays from Y88 and Nb92 1s easlly obtained (Fig. 55),

Fig. 36. X-ray Spectrometer Setup

One important feature of the RIC 107P non-overloading

linear amplifier is a pulse-height selector permitting
the introduction of a certain trigger blas. Pulses higher

than this bias level are recognized and a square pulse
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produced for direct counting in a scaler. The circuilt
of this pulse height selector was changed slightly to

operate with the auxiliary equipment avallable. After
these adjustments were made trouble-free operation was

realized.

c. Performance.

X-ray Spectra. The x-ray spectra shown in Fig. 37

were obtained with the above equipment. The output pulse of
the amplifier was analyzed by a single-channel pulse-height
analyzer (Atomic Instrument Company No. 510, seen in Fig. 36)
and recorded with a Leeds and Northrup Speedomax recorder.
Spectra of the type shown in Fig. 38 were obtained by
displaying the output of the linear amplifier on the screen
of a Tektronix-type 514D cathode-ray oscllloscope and
photographing the pulses with a Polaroid Land camera.
Identification of the x-ray emlitters was possible by

elither of the two procedures.

X-ray Counting. When the decay rate of an x-ray

emitter was to be determined,a more quantitative method
had to be found for counting the x-ray pulses. It was
originally planned to scan the spectra by recording counts
manually or semi-automatically with a step-sweep mechanism
and to integrate the counts under the peaks at the desired
energy. This was found to be an extremely laborious

undertaking, especially for samples of low activity. Bad
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Fig. 37. Spectra of x-rays emitted by Cr5l, Zn65 and Y88 as
obtained with the krypton filled x-ray counter.
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statistics caused by the small number of counts and small
drifts in the equipment over the long time intervals
necessary to count low levels of activity, limited’this
method.

To overcome these difficulties, a procedure was evolved
whereby that part of the x-ray spectrum falling on the
desired peak could be obtalned in a single measurement.

The peak was first located by a rapid sweep of the spectrum.
By judicious setting of the pulsé-height-analyzer base

line on the high energy edge of the peak and the pulse-
helght selector on the low energy edge, it was possible

to obtain two simultaneous counts, the difference of which
gave the counting rate of the peak. A background count,
with the same setting but without the sample, is also re-
quired since the background for a typical x-ray peak
counted by the above method, 1s of the order of 300 counts
per minute. This represented approximately 25% of the
total background of the large counter. A schematic diagram
of the x-ray counting setup is seen in Fig. 39.

When care i1s taken to keep the counting geometry con-
stant, the counting rates obtained with this procedure are
reproducible to within the statistical limits (ef. Fig. 48),
Slight drifts in the equipment will introduce errors only
in the valley reglons of the spectrum, but these errors
are generally much below the statistical error of the

counts.
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5. Gamma-ray Scintillation Counting

Gamma-ray counting served in this research for the
identification of tracers and bombardment products.
Relative count rates of tracers were determined and
calibration of the x-ray counter carried out with y-ray
scintillatlon counters. Extensive work was performed with
the scintillatlon spectrcleter to verify certain decay

schemes and follow the decay of y-ray emitters.

a. Principle of Operation: Gamma-rays are a very

penetrating type of radiation. Dense materials have to be
employed for thelr detection and characterization. 1In
addition to gas-counters, operating as proportfbnal or
Gelger counters(109) filled with krypton or xenon, most
v-ray counting today uses the scintillation process. Solid
scintlllators containing preferably a high atomic weight
constituent are employed. The principle of interaction
between the scintillator material and the y-rays follows
in its initial steps closely the types outlined in section
ITT-C-2 for the x-ray counter. The essential difference
is, however, that the energy of the ejected electrons or
delta rays is not used to produce an avalanche, but is
converted into fluorescent light which can be "seen"

by a photomultiplier tube. The electric pulse from the
photomultiplier is proportional to the intensity of the
light radiation which in turn is proportional to the

amount of energy spent by the Yy 'ray inside the
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scintillator. The probablility of part of the y-ray energy
escapl ng after previous Compton scattering is great for
small scintillators and hard v rays. The spectra will thus
contain a photopeak and a broad, more or less continuous
plateau due to the Compton effect, cf. Fig. 54. This
Compton plateau is separated from the photopeak by a
valley representing the difference in energy between the
total energy of the y-ray and the minimum energy of the

photon scattered backward by the Compton effect (110).

b. Design Considerations. Scintillation probes,

including scintillation crystal, photomultiplier tube and
preamplifier are now commercially avallable. Fig. 40 is

a diagram of the generally used construction. The thallium -
activated sodiumeiodide crystal used as scintillator has

to have one highly polished side which can be optically
coupled with the face of the photomultiplier. The other
sides reflect the light and concentrate it onto the polished
side as diffused i1llumination. For obtalning the experience
of packaging a large rather hygroscopic sodium=iodide
crystal a scintillation probe was constructed during thils

research.

c. Construction. The cylindrical sodiume-iodide

crystal had a dimension of 1 1/2-inch diameter and l-inch
height. It was polished and packed by the following

procedure:
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Fig. 40. Schematic Diagram of Scintillation Counter
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A polished aluminum can, having a 0.005-inch-thick bottom
was introduced in a drybox together with the crystal and -
other equipment. The crystal was freed of its saw-marks
and roughened on all but one side with emery paper. This
was followed by a rinse in Xylene to remove grit and excess
sodium iodide. The optical side was then polished with
cloth saturated with n-butanol until an‘even highly polished
surface was obtained. The crystal was agaln rinsed in Xxylene
and mineral oil and finally wiped dry with lens paper.

The polished crystal was then mounted in the aluminum
cup containing a thin layer of dry megnesium oxide as
reflectant. More magnesium oxide was filled along the sides
of the crystai and firmly packed into place. The surface
of the crystal was cleared of magnesium oxide with a hair-
brush and a drop of Dow-Corning Fluid 200 placed on its
optical side. A 1/16~in¢h-thick soft glass window was then
placed on top of the ﬁacked crystal making optical contact
wilth its polished side and cemented in place with bonding
agent type R-313. *

The packaged crystal could now be optically coupled
with a Dumont 6292 photomultiplier tube by means of a
Lucite "lightpiper" and Dow Corning 200 fluid. The light-
plper was constructed from a cylindrical piece of Lucite
whose one slde was contoured to fit exactly the face of the

photomultiplier.

¥ Carl A. Briggs Co., 11616 West Peko Boulevard,
Los Angeles 64, California.
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Fig. 41. Spectrometer Equipment
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The photomultiplier with mounted crystal was intro-

duced in a light-tight housing contalning a

88

Nb2° e

Fig. 42. Gamma-ray spectra of Co6o, Y88 and Nb92

taken at the same time with the same amplifiler
and oscilloscope settings (cf. Fig. 51)

magnetic shield for the photomultiplier as well as a pre-
amplifier. This "probe" was placed in a 2-inch-thick lead

shield and used as a gamma counter (Fig. 41 foreground).

d. Gamma Counter Performance: Several additional

v-ray counters of the same design as described above were
employed during this research giving generally very good
performance and requiring a minimum of maintenance. Various
spectra were taken with these counters in conjunction with
the pulse spectrometer (Fig. 41) as can be seen from Figs.

ho, 47 and U48. Whenever unknown 7y spectra were investigated
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a known standard was counted immediatly before or after

the unknown to serve for the energy calibration.

D. Absolute Counting Methods

To determine absclute cross sections the total
number of nuclel produced during the bombardment has to
be known. This number can be calculated, if the bombardment
product, or a known fraction of it,is counted "absolutely",
i.e., if for every disintegration occurring in the counting

sample a count 1s registered or otherwise indicated.

1. U4r Counting

From the earlier discussion of the 47 counters in
section III-C-1 it was seen that absolute B-ray counting is
achieved, i1f the self-absorption of the source is negligible.
To realize this, only bulk-free sources were counted in the
U chambers. It was thus possible to register all dis-
integrations by which a P particle of relatively high energy

is emitted.

a. -Self-absorption. No corrections for self-

absorption were deemed necessary during these investigations

C 9 .
for the counting of YJQ, Y“O, Nbgo, 8044, 8047, 8048 and P32.
he

Self-absorption corrections were applied, however, for Sc 7,
P33 and Nb95. The corrections necessary for 8046 were
determined by Hall (55) for films of the type used

in this rescarch.
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The self-absorption correction for the P53 radiation

T rpe

147

was approximated with the 0.23-Mev P-rays of Pm
procedure was the following. The count rate of the Pm
source of the thin-film gauge was measured for a certailn
setting of the Geiger-Miller tube (the window collimator
was removed). A copper absorber was placed over the source
and the P33rsample placed on top of the copper plate.

p33

The count rate of the sample was then established

147

with no interference of B rays from Pm

147

The copper

P33 count rate

absorber was now removed and the Pm plus
determined. The difference represented the count rate due
to Pm147 alone. From this and the count rate of the

Pm147

source without absorber, the fraction absorbed by
the P~ sample was established.

It was}assumed that half of this fraction would have
been absorbed by half the thickness of the sample, which
was the average absorber facing a P33 B ray emerging from
the sample. This fraction was then applied as the self-
absorption correction for the P33 radiation, since the

147

energies of the Pm and P33 betas are almost identical.

The self-absorption correction for Nb95 was established

147

by approximation. The fraction of Pm B rays absorbed
by the sample was determined as described above and the
aluminum absorber thickness equivalent to the Nb95 sample
determined. The fraction of the range of the 0.16~Mev

B raysof Nb95 represented by this thickness was calculated.
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Applying a Feather analyzer (36) the fraction of NBQS
B rays absorbed by this thickness of aluminum was computed.
Half-of thils fraction was then applied as the self—absbrption

correction for the Nb95

sample.

The error inherent in the corrected absolute counting
rate of the Nbo° samples is estimated to be ~2%, while
the error introduced by the self-absorption correction in

£ 7

the case o is less.

b. Background and Dead Time Corrections.

The customary corrections for dead time and background were
applied for all count§. The first affected very high counting
rates, the latter mainly the low counting rates.

It was attempted to prepare samples of sufficiently high
counting rates during most of their decay, so that the daily
variation of the background would have little or no in-
fluence on the precision, even if 1t had been neglected.

With backgrounds of the order of 90 c¢/m and a varlation

of 10 c/m,;it was attempted to count samples with activitiles
greater than 1000 c/m. This was found to be of particular
importance, since it was observed that dust would collect

in the inside of the ¢ounting chambers while remodeling

of the Chemistry Building was in progress and effected

rises in the background rate by approximately 10% during

the period of several days. The advantage of higher
counting rates as far as statistics and counting time are

concerned is apparent.
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Practically all counts taken during these in-
vestigations with the B-raycounters had a standard error
of less than 1% uncertainty. When the decay had progressed
to count rates much below 1000 c/m careful background
determinations were made before and after a sample was
counted in order to preserve the precision.

As a rule of thumb it was found that a background
count of the same length as the sample count would result
in an absolute uncertainty smaller than that in the sample
count, so that the statistical error in the background
could be disregarded.

Tt might be of interest to note in this connection
that for all counters employed in this research the back-
ground increased by a factor of about 40% on August 31,
1956, a few days after the explosion of a Russian hydrogen

bomb over Siberia.

2. Absolute X-ray Counting.

In the course of the investigation of the ngo(d, a)Y88
reaction it became necessary to measure the disintegration
rate of the Y88 product, an isotope decaying primarily by
electron capture. Thils required the calibration of the

x-ray counter or, in other words, a determination of the

efficiency of the x-ray counter for Sr x-rays.

a. Calculation of the X—ray Counter Efficiency. To get

an approximate idea of the geometrical efficiency, the
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counter design was sketched on paper and the angle sub-
tended by the counter window with its origin in the plane
of the source drawn in. An average angle of 85O appeared
a‘good first approximation. The surface of a sphere of
radius 1 is 4. The surface of the segment of that sphere

subtended by a rotated angle of 85° is

S=2r -1 - (1 - cos gg) = 0.526r.

The fraction of the total surface subtended by the angle
is thus 0.526/4 or 0.131 1i.e. the superficial geometrical
efficiency 1is 13.1%. It was estimated from the drawilng
that the average length of the trajectory of the x-rays
in the gas is approximately 2.6 inch corresponding to an
~80% gas efficilency. From the beryllium absorption curve
shown in Fig. 43 1t was seen that Sr K-x-rays from Y88
are 97% transmitted by the 10-mil window making the

efficiency for Y88 K-x-rays approximately

0.131 * 0.80 + 0.97 = 0.101 or 10.1%.

In some experiménts only the K-x-ray photopeak of the Y88

was counted. The percentage of all counts that are found
in the photopeak was determined to be approximately 9u%.
This resulted in the calculated efficiency of the counter

for the photopeak of Sr K-x-rays of approximately 9.4%.

b. Measurement of Absolute Disintegration Rates

by Means of the Coincildence Method. Attempts were made

to determine the efficiency of the x-ray counter
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experimentally. For' this purpose the absolute disintegration
88

rate of a Y sample was determined by coincidence measurements.

Coincidence Method. The absolute disintegration

rate of an isotope emitting th or more radlations in
colncidence can be established, by counting the radiations
simultaneously in two counters and measuring the coincidence
rate of the pulses from these counters (112, 115). It is not
necessary in this case to know the geometry and efficlencies
of the two counters as the following considerations show:

If the efficiency of the first counter, counting only

one type of radiation, i1s m for a sample in a given
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position, then the absolute disintegration rate of the source
is:

D=mA

where A is the count rate recorded in the counter. If n
is the efficiency of the other counter, counting the other
type radiation, then the absolute disintegration rate of
the source 1is

D=nB

B belng the count rate recorded in the second counter.
The probabllity that a disintegration recorded by counter
(a) is simultaneously detected in counter (b) is also n.
The coincidence rate is thus C = A/n or from this

D.D mh - nB_A . B
D -~ mnC

It 1s thus only necessary to establish the count rates in
each of the two counters and the coincidence rate between
them, to arrive at the desired absolute disintegration

rate of the sample.

Absolute Disintegration Rate Determination for an

Y88}Samp1e. In the case of Y88 there are three different

v-rays emltted in coincldence with the x-ray during an
electron capture process (Fig. 44). The branching ratio
between the two possible de-excitation paths was measured
and found in agreement with the literature (97) to

be of the order of 1%. For the purpose of the following
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Fig. 44, Decay Scheme of Y

conslderaticns it was assumed that thils ratio was negligible
and practically all transitions followed the path of the

v-ray cascade.

To determine the absolute disintegration rate of
the Y884samp1e, coincidence measurements were carried out
between the x-rays and the 0.9-Mev vy rays, the x-rays and

the 1.83=Mev v rays, and between the 0.9-Mev and 1.83=Mev
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Fig. 45. Block diagram of x-ray—
v coincidence counter

v rays. The block diagram of Fig. 45 indicates the circuit
used for the x-ray—y coilncidence measurements.

Channel 1 recorded the ry-ray pulses produced by the
v rays of the desired energy in the scintillation counter.
The channel wilidth and base line of the pulse height
analyzer was set for this purpose to include the entire
photopeak, but exclude v rays of different energy.

Channel 2 recorded all pulses produced in the x-ray
counter whose helghts were greater than the lower edge of
the x-ray photopeak.

Channel 3 counted all pulses from the x-ray counter
whose heights exceeded the photopeak x-ray pulses.

The true count of the x-rays in the photopeak was
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obtained as the difference in the count rates recorded by
channel 2 and 3.

Coinclidences between channel 1 and 2 might be due to
a coincidence between an x-ray and a vy ray of desired
energy. In this case the coincidence should be considered.
It might also be due to the colncidence of an x-ray with
a high energy v ray which interacted with the scintillation
crystal by a Compton type interaction producing a pulse of
the same energy as the photopeak of the desired v rays.
Since the v rays in the case under discussion are in
cascade,thls effect does not disturb the result of the
measurement. The coincidence count might, however, be due
to the colncidence between a v ray of desired energy and
a vy ray of the other energy detected by the x-ray counter.
Such pulses interfere with the measurement and should not
be considered. To avold counting these colncidences channel
5 was coupled in anti-coincidence with channels 1 and 2 so
that y-ray pulses produced in the x-ray counter and
triggering channels 2 and 3 simultaneously would not be
considered in the coincidence rate.

Corrections were applied to all observed rates for
background and random coincidences. The latter correction
was determined experimentally by using the same circultry,
but counting two different sources simultaneously in the
two counters. The counters were separated by about 3 ft
and several lead bricks were placed between them for these

determinations.
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counter

For the vy-v coincldence measurements the clrcuit
given in Fig. 46 was used. One of the scintillatilon
counters counted only the photopeak of‘the 1.83 Mev
v rays, the other the photopeak from the 0.9-Mev y rays.
The counter sensitive to the 0.9 Mev vy rays, however, re-
corded some of the Compton pulses from the 1.83~Mev
v rays as well as the 0.9=Mev photopeak. Corrections for
the Compton fraction had to be applied. The value of
this correction was determined experimentally from the
v-ray spectrum of the source taken with the same counter

in the same geometry just before the coincidence measurements
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were performed. The Compton plateau having a higher energy
than the 0.9 Mev photopeak was extrapolated to the energy
of the photopeak and its values for the range of the
photopeak integrated. It was thus possible to determine
the number of Compton pulses stemming from the 1.83=Mev
v-rays and having the same height as the photopeak of the
0.9=Mev vy-rays.

The results of the three attempts to determine the
absolute disintegration rate of the Y88 sample are given
in Table VI.

It 1s seen from Table VIthat the absolute counting
rate of the Y88 sample as determined by the x-ray—y coinci-
dence methods 1s about 1.5 times the decay rate found

with the <vy-v coincidence method. The values of the

efficlency of the x-ray counter vary accordingly.

Attempts to Calibrate the X-ray Counter with Sn113

and M’n54 Samples. To verify the efficiency values obtained

for the x-ray counter from the above data, x-ray—y coinci-

dence measurements were carried out for samples of Snll3

and Mn54. The x-ray spectra of both lsotopes indicate only
one y-ray emitted during each electron capture process.
(Fig. 47) It was thus expected that these y-rays would

be emitted simultaneously with the x-rays and coincidences
between them obtalnable. The results of the coincldence

measurements carried out wilth the two samples are given

in Table VII,
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Fig. 47. Gamma-ray spectra of SnllB, Mn54

and Nb?° taken with identical settings of
amplifier and oscllloscope

A comparison of the values obtainedAfor the x-ray

counter efficiency for the x-rays emitted by the Sn113

88

samples shows their great discrepancies.
113

and Mo and Y
(The great fluctuation for the two values of the Sn
experiments 1s due to the small number of trué colncidences
that could be collected).

To facilitate an explanation for these discrepancies
the efficlency values of the ¥ counter might be compared

for the 0.9-Mev v rays of Y88, the 0,26-Mev y rays from
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15 4nd the 0.84=Mev v rays from Mn54. For the sodium

Sn
iodide crystal employed,a greater efficlency would be ex-
pected for the 0.26-Mev y rays from sntt? than for the
other two, of which again the 0.9-Mev v ray from Y88 should
yield the smaller efficlency. Comparing the experimental
values it seems strange to encounter a variance of 10 and
100 in the opposite direction.

The following explanation is proposed to clarify the
situation: after the electron capture process the nucleus
is in a highly excited state. Two processes have to take
place before a stable state 1s reached: the level of the
electronic shell has to be refilled with emission of a
characteristic x-ray; nuclear excitatlon energy has to be
released by the emission of vy rays. To explain the ex-
perimental data it is assumed, that these two processes can
be delayed with respect to each other. The x-ray is emitted
after a very short time interval compared to the resolution
time of the coincidence analyzer (1.94 microseconds). The
nuclear de-excitation may, however, be delayed. In this
case there exists an intermedlary state, decaying randomly
with a certain half-life.

As point in proof 1t may be mentioned that several
cases of metastable states as intermediaries in electron-
capture decay processes have been reported in the

literature (46, 67), Metastable states seem to be en-

countered in all three of above cases. In this event the
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numbér of coincldences observed 1s only due to those

v rays which are emitted while the coincidence analyzer is
still sensitive after being triggered by the eiectron
capture x-ray. The shorter the half-1ife of the meta-
stable state, the more vy rays will still be considered and
the truer the obtained absolute rate. The latter, however,
will always be higher than the actual disintegration rate.

For Y88 - a fortunate case - two vy rays are emitted
in cascade (Fig. 44), giving the true disintegration rate
within 1%, if no intermediate of appreciable half-life
is assumed for the cascade emission of the vy rays. This
assumption is based on the agreement of the values obtained
by the x-ray—y coincidence measurements seen in Table VI,
The difficulty'in determining the absolute rate even from
the vy-v coincildences is the preclsion with which the Compton
background can be determined. This background has to be
subtracted from the y-ray counting rate. As the part of the
counting rate which is due to Compton pulses 1is rather
large, an error of about 8% is inherent in the absolute
rate determined for above Y88 sample.

From the experiments described above 1t appears that
approximately 52% of the v rays are emitted during the
resolving time of the coincildence analyzer for the Y88.
This would indicate a half-1ife of 1.5 x 10“6 seconds
for the metastable state. The half-lives for the inter-

>

mediary stater in the decay of Sn11 and Mn54 would be of
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the order of 85 and 41 microseconds respectively. These
estimates were made with assumption of a 6.9%x-ray counter

efficiency as found from Y88.

For the absolute counting of Y88 in the present
research it was decided to'use‘the value obtained from the
v-v coincidence measurements as the true disintegration
rate of the Y88 sample and assume the x-ray counter
efficiency to be 6.9% for the photopeak,

The value thus obtained experimentally agrees reasonably

well with the calculated efficiency of the x-ray counter.



Part 3
PROCEDURES AND RESULTS

The instruments used for determining the (d, a)
reaction cross sections have been described in the previous
sections and a general discussion of the procedures for
the measurements given. A detailed report of thelr appli-
cation to the experiments will be presented in this part.
The experimental methods and results are treated for each
reaction investigated.

The choice of the target nuclides was governed by the
following factors:
1. The value of the experimental results for theoretical
considerations.
2. The ability of the 7.8~Mev deuterons to induce the
reaction,.
The availabllity of the parent isotopes.

5

4, The detectability of the product nuclide.
5 The knowledge of the decay scheme for the product nuclide.
6

The possibility of resolving the expected decay curves.

The final choice made an optimum compromise of all the

factors involved.

127
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The reactions investigated in this research were the

following:

The absolute cross sections for 7.7-Mev deuterons have

been determined for all these reactions. Excitation

functions were measured for the reactions with asterisks.

Two of the above reactions had been investigated previously
by another worker (47), but warranted a reinvestigation as the

errors reported for them were rather large.

T. ‘Bombardment-Procedure

Targets were prepared by the methods reported in
section II-A of part 2, and placed in the slots of the
target probe assembly (Fig. 3). Several colli-
mators consisting of empty aluminum target frames

were placed before the target to reduce the
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activity induced in the target frame, and behind the target
to reduce the effect of secondary electrons emitted from
the target.

The current integrator was warmed up for approximately
one hour and tested if 1t was functioning normally. Current
integrator readings were taken manually at various times
during the course of the bombardment to have an estimate of
the variation of the beam strength during the bombardment.
After the bombardment the drift rate of the instrument was
determined to apply a correction to the final current-
integrator reading. This correction was usually less than
0.02%.

Occasionaily a 1/2—mil Mylar scattering target was kept
in the path of the beam (Fig. 1 g) during the bombardment
to facilitate the focusing of the beam on the target. The
reduction of the deuteron energy by this scattering target
was calculated with the aid of Tabie I and considered for
the final cross section values.

After bombardment the target and the substrate were
dissolved and the (d, a) reaction products separated.

The final counting sample was prepared on VYNS-films
(section ITI-C-1 of part 2) and its decay followed with the

U7 counters and the x-ray and Y-ray counters.
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II. The Zr(d, a)Y Reactions

The products of the (d, a) reactions on zirconium
include four yttrium activities: the 17-minute ¥OF, the
%.5-hour Y92, the 6l-hour Y7° and the 105-day Y88. This
can be seen from the chart of the nuclides for the zirconium
region as given in Fig. 48. The Y94 decays rather rapidly
with emission of a very strong 5.4-Mev B ray and was not
observed during these bombardments. It had usually de-
cayed out before the first counts were taken on the 47
counters. The 3.5-hour Y92 decaying wilth emission of B rays
having maximum energies of 3.6, 2.7 and 1.3 Mev and several
v rays in colncidence with them could be well observed and
the cross sectlon of its formation determined.

Yttrium-90 decays with emission of one B ray only,
having a maximum energy of 2.27 Mev. The 105-day Y88
decaying by an electron capture process and the emission
of a weak 0.83~Mev positron merited some special attention
in this research as it posed various interesting problems.
A summary of the characteristics of these isotopes with
the literature references is given in Table VIIT.

Cassatt (18) showed that it was possible to obtain
reasonable ylelds for the Zr(d, a)Y reactions with the
7.8-Mev deuteron beam of the Michigan cyclotron. He was

able to identify all half-lives expected and resolved them

from the gross yttrium decay curves. An attempt to
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evaluate the cross sections, however, had not been made

until this research.
A, Target Preparation

Some attempts were made to obtain thin,uniform zirconilum
targets by evaporating zirconlum metal according to a method
described by Lillie and Conner (77). The results were
rather disappolnting. Zirconium foils, 0.00013-inch thick, were
rolled‘by the Arnold Engineering Company from a 0.002-inch
stock obtained from the Foote Mineral Company of Philadelphia,
Pennsylvania.

A spectrographic analysis of these foils was per-
formed by LEDOUX‘and Company Inc. of Teaneck, New Jersey
on April 4, 1957, with the following resuit:
Zirconium.......... ....99.85%

Hafnium........ «.v.....none detected, less than 0.1%.

Circular target disks of defined area were cut from
the folls with a stamp-die. Their average thickness was
determined within 0.3% by weighing on a semi-micro balance.

To check the uniformity of the foil-thickness the absorption
of the Pm147 B rays of the thin-film gauge was determined
at five points. The variation of the amount absorbed

remained within 2% for the majority of the foils used.
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B. Chemical Separation

The (d, a) reaction products were separated from
the bombarded targets by the carrier-free procedure given
in Table IX. The,procedure adheres to the following
outline.

The tracer, previously deposited on Zapon film and
counted, 1is dissolved together with the bombarded target
and 1isotoplc interchange obtalned in a homogeneous solution
under severe conditions. Primary separation from the bulk
of the target and radiocactive side products is achieved
by two types of simultaneous precipitations. The carrier-
free yttrium fraction is finally separated from its
zirconium carrier and any interfering activities by an
anion -exchange step. The carrier-free yttrium activity
contained 1in the eluate is regained by evaporation of the

solvent.

C. Tracers
To determine the chemical yield for each particular

separation following a zirconium bombardment tracers

had to be used.

1. Yttrium-88

The 105-day Y88 decays predominantly by the electron

capture process and was well suited for this purpose.
Preliminary bombardments indicated that the Y88 count rate

obtainable in the Lr counters from the yttrium product of
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a two-hour bombardment represents only 1/10,000 of the
counting rate of the product 4 hrs. after the bombardment.
This fact made the use of Y88 as tracer very convenlent.

To obtain enough pure Y88 activity for tracing the
chemical yields a bombardment of several grams strontium
oxide Was performed with the 21-Mev deuteron beam of
the cyclotron at the Argonne National ILaboratory. Yttrium-
88 was produced in relatively large amount by the efficient

58 and Sr87(d, n)Y88 reactions. The short-

Sr88(d, 2n)
lived activities resulting from this bombardment were
permitted to decay out for 11 months. The yttrium-88
was then separated from the target material in carrier-
free form., The proceduré for this separation involved
several simultaneous precipitations of the Y88 with
zirconium carrier followed by an lon exchange séparation
of yttrium from zirconium‘similar to the procedure given

in Table IX,

a. Identification of Y88. The resulting Y88 was

identified by its x-ray spectrum seen in Fig. 37 and Filg. 3%8.

A half—life determination over a period of several months

(Fig. 49) with several samples resulted in values of

105 + 1 days agreeing with the literature (97).
Investigation of;the vY-ray spectrum of Y88 resﬁlted

in the picture seen in Fig. 42 showing the 0.91-Mev, and

the 1.87'Mev lines.

The Co6O spectrum taken with the same amplifier and
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Table IX
Chemical Separation of Yttrium from Zirconium Targets

(carrier-free)

Element Separated from Decontamination
Factor

Y (carrier-free) d. bombarded Zr 102

Time of Separation Chemical Yield

~3.1 hours | ~85%

Chemicals and Equipment

4 Pyrex beakers (50 ml.); centrifuge; centrifuge tubes
40 ml., 15 ml., (Pyrex); Iustroid tube (10 ml.); micro
pipette 50; platinum wire; small anion exchange column
(Fig. 20); medicine droppers; calcium carrier (10 mg/ml);
zirconium carrier (10 mg/ml).

Dowex 2 (EOO—MOO mesh); conductivity water; conc. HQSOA;
cone. NH,OH; conc. HC1; 30% H,0,; HCl-gas tank.

Procedures

(1) Cut the tracer yttrium, deposltedon Zapon film, from
aluminum sample plate and place 1n small beaker, add
bombarded zirconium foil plus Mylar substrate. Add
1.5 ml. conc. H,S0, and a few drops 30% H 0,. Heat
to fumes until @issolved (cool and add mofe H,0, at
intervals). (Note 1)

(2) Transfer clear solution to a 40 ml. centrifuge tube, add

50 m1,H,O0 and precipitate zirconium hydroxide with conc.

gH%OH. Stir with platinum wire; centrifuge and wash
wice.

(3) Dissolve precipltate with a minimum amount of conc. HC1,
add 3 mg %alcium carrier and one drop NbCl. carrier
(10 mg/em’). Transfer to 10 ml. Lustroid Pube.,

(4) Precipitate CaF, (and YF,) with 3 ml. conc. HF. Centri-
fuge (water in gentrifugé cups!) and wash twice.

(5) Transfer precipitate to a 15 ml. centrifuge cone,
centrifuge, decant,add 0.5 ml. conc. H2804.

(6) Heat to fumes to drive off HF. Cool. Add 3 mg. Zr-
carrier and dissolve residue in 10 ml. warm water.

(7) Precipitate zirconium hydroxide with conc. NH,OH.,
Wash three times with conductivity water. (No%e 2)

(8) Dissolve precipitate with a few drops conc. HC1l and
saturate with HC1l gas.
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Table IX (continued)

(9) Transfer solution to a small anion exchange column
charged with 1 ml. Dowex 2 resin saturated with coné¢.
HC1.

(10) Adsorb zirconium onto the resin slowly. After liquid
- level reaches resin bed add 5 drops of conc., HCl and
permit to soak in. (Note 3)

(11) Elute carrier-free yttrium reaction product with 5 ml.
conc. HC1l at a rate of 1 drop in 7 seconds. (Note 4)

(12) Collect eluate when activity starts coming through.
Evaporate to near dryness and plate for counting.

Notes

(1) A homogeneous solution is obtained under rather severe
cg ditions. Complete 1sotoplc interchange between the
YOO tracer and the reaction product 1s thus accomplished.

(2) This washing removes the calcium carrier and must be

done thoroughly,if carrier-free yttrium is to be ob-
tained.

(3) Try to wash the walls of the column free of activity
with these 5 drops.

(4) 'The yttrium is not absorbed by the resin in hydrochloric
acid but 1s easily eluted, while zirconium and niobium
are strongly: absorbed from a conc. HC1l medium,
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DECAY OF YTTRIUM-88

N (X-RAY COUNTER)

105d Y88
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Fig. 49.
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Decay curves of Y88 taken with x-ray counter and

Uy counter (two different samples)




139

oscilloscope settings served for the energy calibration.

Yttrium-88 Decay Scheme. In 1955 Alburger and Sunyar (2°

reported that they could not observe any of the 2.76~Mev
v rays reported by W. C. Peacock and J. W. Jones (97)

(cf. Fig. 44) The picture of the spectrum obtained with
88(

our Y Fig. 50), however, clearly indicates the presence
of this v ray.

This picture as well as that of the Nb92 spectrum seen
in Fig. 42, was taken by exposing the film for two minutes
to the image of the two lower 7y rays, then adjusting the
trigger level of the oscilloscope to block out the
traces of these energies and exposing the film for an
additioral hour to pulses resulting from vy rays with energies
above about 2 Mev. The 0060 standards taken immediately
after with the same amplifier and oscilloscope settings
served for the calibration of the energies.

Manual counting of the peaks indicated a ratio of
0.0027 between the 2.76 and0.9-Mev peaks. The latter was
corrected for the Compton pulses stemming from more
energetic v rays. The experiment indicated a branching
ratio of approximately 1 - 2%, if the efficiency of the
1 x 1.5=inch NaI crystal 1s taken into consideration
for the two energy ranges. These findings together with
the experimental results reported in section III-D-4 of

part 2 verify the decay scheme for Y88 as given in Fig. 44,
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b. Counting of Y88 Tracers. The identified Y88

was used for tracing the reaction.ylelds of the ngu(d, a)Y92
and Zr92(d, OL)Y'9O reactions. The desired amount of Y88

was deposited on a thin Zapon film and covered so as to
form a weightless source. The decay rate of thls source
was determined by countling on the first shelf of the

X-ray counter.

For the first few bombardments manual counts were
taken in five-minute Intervals covering the entire spectrum
with a one-volt window. The area under the main peaks
was integrated and this value used as the count rate of
the tracer sample at that day. Errors of at least 3%
were unavoidable by this method. For later bombardments
the tracer Y88 was counted by the more exact and con-

venient method of counting the photopeak by difference as

was described in section III-C-2 of part 2.

2. Tracer 290.

It was of special interest to determine the cross
section of the (d, a) reaction for the magic number

90 The reaction product for the ngo(d, a)Y88

nuclide Zr
reaction is here the same 105-day Y88 described above.
To trace the chemical yields for this reaction, Y'9O was
used as tracer. The latter was isolated from several
millicuries of SrY9O by 10 coprecipitation steps with

zirconium hydroxide and the final separation from

zlrconium by the ion exchange steps mentioned above (Table IX).
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The carrier-free Y90 thus obtained was plated on Zapon film

and identified by its half-life of 64.18 + 0.1 hrs. over

a period of 25 days. To establish chemical ylelds the Y2©
tracer as well as the separated samples from the bombardment
were counted with the thin-window proportional beta counter

in the same geometry.
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D. Record of the Bombardments

Six bombardments were obtained to determine the -
cross sections and excitation functions of the Zr(d, a)Y

reactions.

1. The Zr92(d, a)YgO and Zr(d, a)Y92 Reactions.

The products from these two reactions are pB-ray
emitters and could be counted absolutely with the U
counters (Table VIII).

The dependability of the chemlcal separatlon procedure
givenin Table IX was proven by bombardments 4 and 7 and

the relative ylelds for the formation of YJ2, yo* 68

and Y
established for a two-hour bombardment with 7.8-Mev deuterons.
The Um counter decay curve for bombardment 7 1s presented

in Fig. 51. The three components into which the curve

is analyzed can be readily identified from the gross

decay curve.

The result of this bombardment helped to estimate the
amount of Y88 tracer that should be used for the absolute
cross section experiments to permit resolution of the
decay curves and a minimum error in the yleld determination.
It was found that an Y88 sample countlng between 10,000 and
15,000 counts per minute on the x-ray counter would well

serve thls purpose.
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The absolute cross section for the ngg(d, a)Y9O
reaction for 7.56 + 0.05 Mev deuterons was measured by
two experiments. In bombafdment 10 a zlrconium foll was
exposed fo the full energy beam behind a 1/2—m11 Mylar
scattering target. The primary experimentél data for
the experiment are reported in Table X. The major source
of error for thils experiment was the uncertainty in the
chemical yield. This was primarily caused by the diffi-
culties of counting the x-rays from Y88 which were counted
by integration under the photopeak of the K x-rays. This
error could be reduced in bombardment 12b where the counting
of the tracer was performed by the method described 1n
section ITI-C-2 of part 2.

The agreement of the values obtained for the cross
sections from the two bombardments: 3.76 + 7% and 3.82 + 6%
millibarns respectively, 1s considerably better than
indicated by the estimated experimental errors. The two
experiments constitute the only case where a double de-
termination of a cross section was performed, but they may

serve for an estimate of the precision of these investigations.

The absolute cross sections for lower deuteron energies
(6.97 and 4.78 Mev) were established by bombardments 11
and 12a. Difficulties were experienced with the resolution
of the decay curves for bombardment 12a due to the low
counting rate of the Y9O component. A better‘yield
determination for this bombardment partially off-set the

effect of this error on the cross sectilon value,
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The same three bombardments also established the
cross section values for the ngu(d, a)Y92 reaction at the
three energies. In bombardment 12 two foils (12a and 12b)
had been exposed simultaneously to the deuteron beam,
foil 12b, however, could only be worked up after 1its Y92
component had decayed out already. A recheck on the value
obtained by bombardment 10 for the ngu(d, oc)Y92 reaction
With‘7.56 Mev deuterons was thus not possible.

The experimental errors as reported in Table X are
comparable to those reported for the ngg(d, a)YQO
reaction measured by the same bombardments. The only
significant difference is the smaller error reported for
the count rate from bombardment 12a. The improvement
over the 770 component was maihly due to the statistics.

The decay of the reaction products from the bombard-
ments was followed with the 4 counters and in the order
of 200 counts taken for each sample. This facllitated
the resolution of the decay curves into the three components.
(no additional half-lives were observed in the purified
samples. ) Scattering of the points remained largely within
the statistical variation of the individual counts, which
could be kept well below 1%.

Bombardment 13 was carried out 1n addition to the
absolute runs described above. It represented a typical
stacked foil experiment for determining the excitation
functlons of the two reactions. Table X gives the results

normalized to the values from the absolute experiments.
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Seven zirconium foils were interleaved with aluminum foils
serving as absorbers (attenuators) of the cyclotron beam
and as catchers of the recoils. TableXI gives the
arrangement of the target foils and absorbers as employed
in bombardment 13.

The chemical separation of the yttrium from the bombarded
targets could be simplified for this relative experiment.
It was only important that the chemical yields should be
the same for the foils exposed to different bombarding
energies. This was achieved by the procedure given in
Table XII. The carrier-type separation could be performed
rapidly to permit counting of the Y92 components of all
samples and provided maximum uniformity of the chemical
yields. It is estimated that the variation of the chemical
yield from foll to foll did not exceed 15% standard error.

The samples obtained from this bombardment were
counted in sequence with the p-rgyproportional counter
for 22 hours continuously. An absorber of 640 mg/cm2
aluminum was employed which favored strongly the 3.6-Mev
B rays from Y92, rejecting most of the 2.27~Mev Y9O
activity as well as weaker B rays from other impurities.
Relatively good decay curves with 3 - 4 hour half-lives
were obtalned and easily resolvable into their Y92 component.

After 22 hours the 3.6-hour y9°2 components had
largely decayed out and the samples were then counted
through a 172 mg/cm2 aluminum absorber. This aluminum

absorber permitted the strong 2.7-Mev B rays of qu to be
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Table XI. Arrangement of Zirconium Targets for Bombardment 13

Target or Absorber Thickness (mg/bmg) Average Deuteron Energy

Mev
Mylar 1.76
Zr. I 3.56 7.56
Aluminum 14.75
Zr I 3.49 6.37
Aluminum 11.32
Zr IIT 3.43 5.02
Aluminum 8.93
Zr IV 3.42 3.89
Aluminum 8.93
Zr V 3.52 2.48
Aluminum 8.93
Zr VI 2.57 o *
Aluminum. 21.77
Zr VII 5.53 o *

* These two targets served to check the presence of
reaction product from neutron induced reactions.
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Table XII. Chemical Separation for Yttrium in Bombardment 13

Element Separated from Decontamination
' Factor
Y d. bombarded Zr 10°
Time of Separation Chemical Yield
15 min. 90%

Chemicals and Equipment

Lusteroid tubes,40 ml; centrifuge; hot water bath; razor
blade.

HF; yttrium carrier (10 mg/ml); calcium carrier (10 mg/ml).

Procedures

(1)

(2)
(3)
(4)

Dissolve the Zr foil plus the aluminum substrate in
dilute HF solution in a Lusteroid tube. Add 5 drops
yttrium carrier plus 1 drop calcium carrier. Centrifuge
for 4 minutes, decant.

Flatten the bottom of the Lusterold tube by dipping it
in boiling water and pressing it against a lead brick.

Cut off the bottom of Lusteroid tube, contalining the
precipltate, with a razor blade.

Dry precilpitate under a heat lamp and mount on sample
card covered with 1/4-mil Mylar.
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counted, but reduced the background of impurities due to
incomplete chemical separation to a negligzlble minimum.
Fach sample was counted three times daily in intervals
of approximately 8 hours over a period of 15 days. Very

strailght decay curves of the 64 hour YQO were obtained.

2. Determination of the ngo(d, a)Y88 Cross Sections and

Excitation Function.

88

The determination of the ngo(d, a)Y - cross sections
and excitation function proved considerably more difficult
than the cross section determination dilscussed above.
The product has a relatively long half-1ife and very little
of it, in terms of activity, could be produced during the
regular two-hour bombérdments (Fig. 51)s It was thus
necessary to obtain a very much 10nger and more intense
bombardment for this determination.

With the special cooperation of the cyclotron crew
it was possible to arrange‘for a 10-hour bombardment which
was used to bombard simultaneously five zirconlum targets
in the stacked-foll fashion. Their arrangement 1s seen
from Table XITI.Unfortunately the Mylar substrates of all
but the first target were damaged so severely by the beam
that they broke, wrinkled and bent backward, resulting
in higher actual bombarding energles for the last three
foils, as well as loss of recoils. Fortunately the
substrate of the first target remained intact and that
of the second sufficiently so to be dependable for the

cross section determinations at those energies. In
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Table XIII. Arrangement of Zirconium Targets for Bombardment 6

Target or Absorber Thickness (mg/bmg) Average Deuteron Energy

Mev
Mylar 1.76
Zr-6 3.488 7.56
Mylar 3.52
Zr-5 3.480 7.09
Mylar 3.h2
Aluminum 10.78
Zr-4 - 3.515 4.7
Mylar 3.52
Aluminum 10.78
Zr-3 3.597 2.7
Mylar 3.52
Zr-1 3.479 1.7
Mylar 3.52



154

addition the 1/2-mil Mylar scattering target used burned
through during the latter part of the bombardment making
the 1nitilal energy somewhat uncertain.

Thé targets were permitted to "cool"‘for several

months to permit the Y90 and Y92

to decay completely.
After this they were worked up and the chemical yields
of the yttrium product traced with Y9O. The decay of the
Y90 tracer was followed for one month to establish the
chemical yields. Finally the sam@les were counted with
the x-ray counter over a perlod of several additional
months. It was possible by this method to determine the
relative counting rates of four samples so as to establish
a relative excitation function of the reaction. Large
errors, however, had to be taken into consilderation due
to the partial destruction of the Mylar substrates resulting
in a "curve" of which actually only the first two points
are known to within 10%.

For the determination of the absolute cross section
of the reaction from the two relatively undestroyed targets
1t was necessary to measure the absolute disintegration rate

of Y88. In effect this amounted to a determination of the

efficiency of the x-ray counter for Y88 X-rays as was
described in section III-D-4 of part 2.

With the calibrated x-ray counter efficiency for the
Y88 photopeak the absolute counting rate of the samples
from bombardment 6 could be determined with an estimated

error of approximately 10%. The cross-section values
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calculated from the experimental data are presented in
Table X. Two polnts of the excitation curve are entered
into Fig. 52. For the other values the uncertalnties

were too great to warrant entriles.

E. Resolution of the Decay Curves

The resolution of the decay curves obtained for the
yttrium products was carried out by the following method:
A large graph of the gross decay curve, corrected for
background and coincidences, was plotted on semi;log paper.
The longest half-life (Y88) was extrapolated to the end
of the bombafdment. The value of the extrapolated line
was read from the graph for each time a count had been
taken during the decay and subtracted from the gross decay
curve. A plot of the difference resulted in a two-
component curve. Small corrections could be applied to

the extrapolated Y88 line to straighten out a slight

curvature in the curve of the next shorter half-life (Ygo),
The same process was repeated for the two-component curve
until a straight line was obtained for the third component
(v7%).

The counting rate of a particular component at. the end
of the bombardment was then calculated from the resolved
decay curve 1n the following way: arbitrary points, lying
on the decay curve drawn with the "known" half-life of

the component through the resolved points, were chosen.
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With the aild of the decay constant the count rate at the end
of the bombardment could be computed from these points and
the obtalned values used to estimate the error.

It 1s believed that the much more laborious analysis
of the decay data by means of a least-squares method would
not result in error limits exceeding those quoted, since
very good data was avallable for the analysis. The
resolved points scattered 1little around a line fitted to
them representing a half-life in good agreement with values

reported in the literature.
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III. The Mo(d, a)Nb Reactions

The molybdenum reactions were consldered of interest
as a comparison to the reactions involving zirconium. The
atomic number of the target element is two units larger
than that of zirconium,

The chart for the nuclides of the molybdenum region
is shown in Fig. 53. The (d, a) reaction products from
molybdenum include seven daughter isotopes with 11 different
activities. Of these only four isotopes were found in this
research and only four cross sections determined. Niobium-
98 with a half-life of 30 minutes, as well as the isomers
Nb94m and No?%™ with 6.6-minute and 24-sec.half-1lives
respectively had decayed out before the samples could be
counted. The 20,000-year Nb94 was not obtained in sufficilent
quantity to be detected.

Niobium-92, although not resolved from the 4r B-decay
curves, could be identified by 1ts characteristic x-ray with
the x-ray spectrometer. Its spectrum can be seen in Fig. 5.4,
To verify thils spectrum, a sample of the 10-day Nb92 was
prepared by deuteron bombardment of zirconium and subsequent
ion exchange separation. (Niobium is eluted from a small
Dowex 2 column with 4 M HC1l, while zirconium and yttrium,
the other two products of a zirconium bombardment, are

eluted by 7 M and 12 M HC1 respectively (cf. Table II),
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MoNb-1.4

Fig. 54. X-ray spectra of Y88 and niobium
fraction from bombardment 14 taken 12 days
after the end of the bombardment.

Y88 Nb92

Fig. 55. Nb92 X-ray Spectrum

Fig. 55 shows the x-ray spectrum of this sample. It is
essentially the same as the niobium spectrum in Fig. 54.
The 1%-hour activity also reported for Nb2° could not
be identified. By resolving the niobium’B-decay curves
obtained with the 4 counters into only four components

(Fig. 57 and 58), any contribution by the 13-hour NbJ2

was added to the Nb90 component, decaying with a 14.6-hour
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halif-l1ife. The contribution of the Nb92 was thus included
in the calculation of the Moge(d, a)Nb9o cross section
making this value an upper limit for the (d, a) cross

92

section of the magic Mo 'parent.

The following niobium isotopes could be identified
in the pB-decay curves of the molybdenum bombardment products:
The 23-hour Nb2°, the 35-day Mb9°, the 84-hour MpO®, and
the 14,6-hour Nbgo emitting a 1.5=Mev positron together
with three vy rays. A 1list of the properties of these

isotopes 1s seen in Table XIV.

A, Targets

Iike zirconium, molybdenum 1s a rather refractory metal
and could not be satisfactorily evaporated with the equip-
ment avallable for this research. Metal foils were thus
used for the targets. Through the courtesy of the Arnold
Engineering Company foils of pure molybdenum metal were
obtained with a thickness of approximately 5 mg/cm2 (0.13 mil).
The targets were prepared by cutting the foil into disks
by means of a stamp die and mounting them onto a Mylar
substrate which was stretched over the aperture of an
aluminum target-frame. The average thickness of the
disks Was determined by weighing with a micro-balance to
within 0.1% and the uniform thickness determined by means

of the Pm.l47 gauge ag in the case of zlrconium.
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Table XV
Chemical Separation of Nioblum from Molybdenum Targets

(carrier-free)

Element Separated from Decontamination

Factor
Nb (carrier-free) d. bombarded Mo ~10°
Time of Separation Chemical Yield
~U hours ~50%

Chemicals and Equlpment

Pyrex beakers (50 ml.); centrifuge; centrifuge tubes 40 ml.,
15 ml.; medicine droppers; micropipette 50A; platlinum wire
6 inch; small anion exchange column (Fig. 20); molybdenum
carrier (10 mg/ml); aluminum carrier (10 mg/ml).

Dowex=2 (200 - 400 mesh); conductivity water; conc. HESOA’
NH,OH, HC1, HNOB; 30% H,0,; HCl-gas tank.

Procedures

(1) Place tracer niobium in small beaker, add bombarded
molybdenum foil plus Mylar substrate. Add 30 drops of
conc, H 804 and a few drops H 02. Heat to fumes until
dissolvéd. *(Cool and add H,0,°tbgether with a few drops
of conc. HNO3 at intervals?)“ (Note 1)

(2) Transfer clear yellow-brown solution to 40 ml. centri-
fuge cone, add 30 ml. HEO and 2 mg aluminum carrier.
Stir well. Make alkalifie with conc. NHAOH. Centrifuge
and wash twice. (Note 2)

(3) Dissolve precipitate with a minimum of conc. HC1l, dilute
and reprecipltate with conc. NHAOH. Centrifuge and
wash twice.

(4) Dissolve precipitate in conc. HC1l, add few drops of
molybdenum carrier, dilute and reprecipitate with conc.
NHAOH. Centrifuge and wash twice.

(5) Dissolve precipitate in minimum amount of conc. HC1l and
saturate with HC1l gas. (Note 3)

(6) Transfer this solution to a small anion-exchange column

%harged with 1 ml. Dowex-2 resin saturated with conc.
Cl.




Table

(7)

(8)
(9)

(10)

Notes

(1)
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XV(continued)

Permit to absorb slowly. When liquid level reaches
the resin bed add five drops conc. HC1l and try to
wash glass walls with this. Permit to soak in and
add about 1 ml. conc. HC1.

Elute the aluminum plus some salt (NHACl) with 12 ml.
of 7 M HC1., (Note 1)

Elute carrier-free niobium with 25 ml. of 4 M at a
rate of 1 drop in 5 - 7 seconds.

Evaporate the niobium fraction to near dryness and
plate for countilng.

Complete mixing of tracer and reaction product is
achleved in the homogeneous solution. All elements
are oxldized to thelr highest valence state.

Ammonium molybdate and ammonium pertechnate are soluble
and thus not precipitated together with the aluminum.

During most bombardments the precipitation of salt,

be it A1Cl, or NH,Cl, was observed when the solution
was saturaéed with HCl. This, however, did not inter-
fere with the lon-exchange step.

The specifications gilven in the procedure have to be
rigidly observed as they are rather critical.
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B. Chemical Separation

The (d, a) reaction products were separated from
the bombarded targets by the carrier-free procedure
given in Table XV, This chemical procedure followed in
ité outline very closely the ideas described for the
zirconium-yttrium separation, and was found to be very
dependable and effective.

The elution of niobium from the Dowex—-2 column as
carried out in the last step of the procedure 1s somewhat
difficult and only approximately 60% of the niobium activity
is removed by the 25 ml.of 4 M HC1. Formation of a radio-
colloid at this HC1 concentration inside the resin particles
may be the reason for this behavior. At 50 ml.molybdenum
starts eluting. A safety factor of 2.is»thus bbserved, if
only the 25 ml. fraction 1s retained.

Technetium was not found in the columns after elution
with 50 ml, 2 M HC1, proving the precipitation steps a rather

effective separation of niobium from that element.

C. Tracer for the Mo(d, a)Nb Reactions

The most readily available long=lived niobium isotope
18 the 35-day Nbo°,

1. Procurement.

To procure Nb95 in sufficient quantity it was separated

from its parent Zp9? by the procedure given below. (Table XVI)
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Table XVI

Chemical Separation of Niobium from Zirconlum Targets

(carrier-free)

Element Separated from Decontamination
Factor
Nb (carrier-free) Zr95 from fission 1O5
products
Time of Separation Chemical Yield
4 hours 50%

Chemicals and Equipment

2 Pyrex beakers (50 ml.); centrifuge; 2 centrifuge cones
15 ml.; medicine droppers; platinum wire 6 inch; small anion
exchange column (Fig. 20); zirconium carrier (1O mg/ml).

Dowex 2 resin (200 - 400 mesh), .econductivity water, conc.

H,80,, HC1, NH,OH; 30% H

o 2, HCl-gas tank.

Procedures

(1)
(2)

Destroy oxalate complex with 1 ml, conc. H2804 plus
3 drops 30% H,0,.

‘Dilute with 10 ml. H.O and precipitate zilrconium-hydrcx-

ide with conc. NHMOH. - Centrifuge, wash once., :Repeat
step 2 once more.

Dissolve precipitate with minimum amount cohc. HC1,
saturate with HC1l gas and apply to small anion exchange
column charged with 1 ml. Dowex 2 which had been saturated
with conc, HCI1.

Absorb slowly.' When liquid lével reaches the resin bed
add 10 drops conc.-HC1l and try to wash sides of column
wall. Permit to soak in.

Elute elements like alkalis, earths and zirconium with
two 5 ml. portions of 7T M HCl

Elute Nb95 tracer with 7 ml. of 2 M HC1 made up with
conductivity water. Discard the first ml. and use rest
as tracer.



168

A first attempt to identify Nb95 in the separated fraction

indicated that the old Zr95

sample on hand contained several
extraneous activities. A new sample was thus obtalned
from the Oak Ridge National Iaboratory. The latter was

purified by the procedure given in Table XVI,.

2. Identification and Use as Tracer.

The tracer thus purified was ldentifiled by 1ts 7y-ray
spectrum seen in Fig. 56. The Nb95 tracer was not used
for any eXperiments until all of the 8i-hour Nb-95m had
decayed out so as not to complicate matters unduely.

The method used for tracing the niobium fraction of‘
the bombardment product from molybdenum varied from that
described for the zlrconium bombardments. Three tracer
samples Weré prepared and mounted on gold-plated Zapon film,
Two had equal amounts of activity and one ten-times their
strength. Relative counting rates for all three samples
were obtained for the identical setting and geometry with
a vy counter counting the photopeak of the O.74~Mev Y ray
of Nb95. The two weaker samples were counted in addition
in the 47 counter and their Counting rate ratio established.
One Qf these samples was used as tracer for the bombardment
and the other two preserved.

After all but the Nb95 component had decayed out of
the sample from the molybdenum bombardment, counts were again
taken with»a v counter and 47 counter and the ratios of

the count rates established. After subtraction of the Nb95
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fraction stemming from the M097(d, a)Nb95 reaction the
chemical Yield could berestablished immediately without’
further extrapolation tQ the time before thé bombardment.
This procedure has the advantage of being independent
of the counters which may vary in their efficiency fromk.
day to day. It 1s also independent of the accurate
knowledge of the decay constant of the tracer. These two
facts make the method preferable, 1if enough pure tracer
activity 1s available. The only requirement for the method
is, that the tracer has been purified previously by the
same method by which the sample from the bombardment is

purified afterwards.

D. Records of the Bombardments

Four bombardments were obtained to determine the
cross sections and excitation functions of the Mo(d, a)Nb
reactions.

Bombardment 5 served to check the dependability of

the chemical separation procedure and to identify the
reaction products. The relative yields of the product
activities was established by bombardment 14 for a two-hour
bombardment with 7. 8-Mev deuterons. The ratio determined
between the count rates of the Nb95 component an& the other
activities was to be used in the yleld calculations for the
absolute cross-section experiment of bombardment 18.

The molybdenum target was exposed to the full energy
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beam in bombardment 18. The niobium product was chemically
separated from the bombarded target together with 31,000 c/m
Nbggdded tracer. The separated niobium fraction was followed
in its decay with a 47 counter over a period of several
months. To establish the absolute count rate of the Nb95
component a self—absorption correction had to be applied.
This correction was determined by the methdd‘described in
section III-D-1 of part 2 and found to be 6 + 1% for the
sample counted.

The primary data and the cross section values for the
mo97(a, )2, me97(d, o)™, Mo8(d, a)Nb?® ana
M092(d, a)Nb9O reactions are reported in Table XVII. An
internal~conversion coefficient of 90% was assumed for
the 0.23~Mev vy ray of Nb95m. No corrections were applied
for any electron-capture processes accompanylng the decay
of Nbgo. The errors quoted in Table XVII were estimated
1n the same way as was discussed for the zirconium bombardments.
The values are based entirely on the experimental data
as obtained with the 41 counters.

The decay curve obtained from bombardment 18 is seen
in Fig. 57. The size of the points of these figures is
in no relation to the experimental errors which were much
less than the clrcles indicate. Only with gross data
of this type was 1t possible to analyze the four component
decay curve of the nilobium reaction product with the small

errors quoted.
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Bombardment 15 was performed to establish the relative
excitation functions for the Mo(d, a)Nb reactions. A stacked
foil technique with aluminum absorber substrates was used
as in bombardment 13 mentioned above for zirconium. The
arraﬁgement of the targets and absorbers for thils experiment
is glven in Table XVIII.No tracers werevemployed for the
yield evaluation, but strict conformity of the simultaneously
performed separations permitted an error limit of not more
than about +5% for the chemical yields.

The six samples obtained from this bombardment were
counted in sequence wlth the proportional counter. Counts
were taken continuously for five days following the bom-
bardment to permit resolution of the 14.6-hour Nbgo and
the 23%=hour Nb96. The remaining activities stemming
from NB95 and Nb95m were followed in thelr decay for an
additional two months to permit good resolutlon of the
curves.

The relative cross sections for Nb95 are normalized
to the absolute value obtained in bombardment 18 and
entered in Table XVII. A plot of the excitation curve
for the M097(d, a)Nb95 reaction is seen in Fig. 60.

Gamma spectra were taken twlce during the decay of
the niobium sample from bombardment 18. They can be seen
in Fig. 59 indicating a strong enrichment of the 0.76=Mev

Nb95 line with time.
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Table XVIII. Arrangement of Molybdenum Targets for

Bombardment 15

Target or Absorber Thickness (mg/bmg) Average Deuteron Energy

Mev
‘Mylar 1.76
Mo I 4.79 7.54
Aluminum 11.32
Mo II 4,85 5.61
Aluminum 14.75
Mo IT 4,91 3.82
Aluminum 8.93
Mo IV 4,84 2.25
Aluminum 4 46
Mo V 5.06 1.0
Aluminum b 46
Mo VI 4,80 o *
Aluminum 4. 46
Mo VII 5.00 o *
Aluminum 14.75
Mo VIII 5.00 o *

*¥ These targets served to check the presence of products
from neutron-induced reactions.
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E. Resolution of the Decay Curves

The decay curve of the niobium product from bombardment
18, seen 1n Figs. 57 and 58, may serve as an 1llustration
of the resolution problems encountered. The 35=day Nb95
and 8l=hour Nb95m activities could be subtracted from the
gross PB-decay curve by the same procedure employed for
resolving the yttrium curves described earlier. The
resulting two-component curve could not be analyzéd, however,
by continued subtraction. The following consideration

alded in its resolution:

100,000

90,000 — RESOLUTION OF NbSOAND Nb%®
' O-TIME=(I-30-1956 20PM

80,000

<
= 70,000

c/mx ¢ o

60,000

50,000

40,000 |—

0 [ 2 3 4 ] s 7 8 9 10
'.(x,_.x.)t

Fig. 58. Resolution of the Nb2° and NpY©
components of the niobium decay curve from
bombardment 18 (cf Fig. 57)
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Fig. 60. Excitation Function for the Moo '(d, a)Nb9> Reaction
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The decay rate of a sample containing two radioactive

species 1s given by:

Mt At

A= Ale + A2e

where Aq is the decay constant of the longer lived, and A?
the decay constant of the shorter—lived activity.

Transposition of above equation ylelds:

Aeklt -()‘2 - )‘l)t

n

Al + Age

or

t L)t

AeM

[}

Al + Aee

At
It is seen from the last equation that a plot of Ae 1

- A\t

VsS. e will yield a straight line with an intercept
-OAT

at e = 0 or t= oo representing Al and a value for

t = 0 or em&At = 1 representing A, + Ay, the sum of

the decay rates of the two components at time O.

A plot of this type is given in Fig. 58 for the Nb7°
and Nb96 components of the niobium decay curve from
bombardment 18. For this type analysls the exact knowledge
of the decay constants 1s very essential. Resolution of
the two components was possible within approximately 1.5%
for the two components. The labor involved in this

analysis, however, was extensive.
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IV. The Ti(d, a)Sc Reactions

The tifanium reactions were considered of interest
partly for the challenging chemical problems and the fact
that Ti50 containing 28 neutrons is a magic nucleus. Hall

attempted the cross sectlon determination of the T148(d, a)Se

46
reaction but obtained only rather uncertain values. His main
difficulties rested with the chemical separation employed
and the fact that no 0.0001l~inch titanium folls were
available to him.
The chart of the nuclel in the titanium region is seen
in Fig. 61. Six half-lives should be expected in the (d, a)
reaction products on a titanium target. Five of these were
observed in the present studies. Only the 20-sec 1somer
of Sc46 had decayed out by the time the separated reaction
products could be counted. The isotopes observed 1n the
reaction products were the following:
a) The 44-hour 8048, emitter of a 0.64<Mev B ray and
several fy-rays.
b) The 81-hour'8047, emitting a 0.44~Mev or 0.60 Mev
negatron as well as a 0.16 Mev x-ray.

46

c) The 85-day Sc ~, emitting a weak 0.36=Mev B particle

with two vy rays.

4L

d) The 4.1-hour Sc¢ ', emitting a 1.47-Mev positron together

wlth several vy rays.
e) The isomeric Sc44m decaying by internal transition with

emigssion of a 0.14—MeV\y ray wilth a half-1ife of 57 hours.
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A summary of the decay characteristics of these 1sotopes
is given in Table XIX.

Although very good data were obtained for the decay
curves of the Ti(d, a)Sc reaction products as can be seen
in Fig. 62, resolution of the curve was only possible for

the 85—day‘Sc46 activity and the 4.l-hour 8044. The com-

48 Ul

bined components due to the Ui-hour Sc , the 57-hour Sc

and the 8l-hour 8047 forming the 62-hour component seen
in Fig. 62 could not be resolved into the three activities

by the means available. This made the determination of

Sc48 L7

the cross sections for the Ti5o(d, a) , Tiqg(d, a)Se

and Ti(d, a)Scuum reactions impossible. The value re-

46

ported for the (d, a) reaction on Ti is to be considered

only a partial cross~section value, since the amount of

Yhm
4y

Sc by the electron—capture process was not entered into

Sc i”could not be measured and simultaneous decay of the

the calculations. Application of a correction for the
latter effect would increase the value obtalned for the

(d, a) cross sectlon by about 6 + 1%; the relative yield

46(d, a)chum‘reaction is estimated to be of the

46 1l

d, a)Sc ' reaction.

of the Ti

order of 5% compared to the Ti
A. Targets

Again, as in the cases of zirconium and molybdenum, thin ti-
tanilum folls were used for the targets. The folls were rolled to
a thickness of 4.4 mg/cm2 (0.15 mil) by the Arnold Engineering

‘Company from 2-mil titanium stock, kindly supplied by the



185

Titanium Corporation of America. These foils were cut with
the die; mehtioned pfeviously, and mounted on Mylar. The
average thickness of the folil disks was determined by welghing
with a micro-balance within + 0.1% and the uniformity of the

thickness checked with the Pmb*+( gauge (+ 3%).

B. Chemical Separations

The chemical procedure for separating the scandium
reactlon products from the bombardedvtargets combined a
radio-colloid purification step with an anion exchange
separation. The yields were relatively small for this
separation, but the effected purification excellent
(Table XX),

After preliminary separation from vanadium, the bulk
of titanium was reduced to approximately 1/20 by a homo-

+++

geneous precipltation of Ti(OH)u while the Sc remalined

in solution. The anion-~exchange step was carried out in
a strongly oxidizing medium which permitted the titanium and
vanadium to remain 1n thelr highest oxidation states.

+4

Ti and V+5 were not eluted from the Dowex-=2 column by more

than 50 ml1 conc HC1 - Kc:Lo3 under these conditions (Table II).
The final "radio-colloid" step (43) freed the carrier-
free scandium from any macro amounts of NaCl and KClO3
which accompanied 1t in the eluate from the anion-exchange
separation. The carrier-free scandlium actlvity was then

obtained by elution from the filter paper with 4 M HCI1.
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Table XX

Chemical Separation of Scandium from Titanium Targets

(carrier-free)

Element Separated from Decontamination
Factor

Sc (carrier-free) d. bombarded Ti 102

Time of Separation Chemical Yield

4 hours 50%

Chemicals and Equipment

I Pyrex beakers (50 ml); centrifuge; centrifuge tubes 40 ml.,
15 ml.; platinum wire 6 inch; Erlenmeyer flask 250 ml.;
medicine droppers; glass fritt filter funnel, coarse; Whatman
42 filter paper; micropipet 50A; small lon-exchange column
Fig. 20.

Dowex-2 resin (200 - 400 mesh): conductivity water; conc.
H,SO), HNO,, HC1, NH,OH; 30% H,0,; NaOH (solid pellets);
N&GHCOs (saéurated solution);KC O3 (crystals); HCl-gas tank.

Procedures

(1) Place tracer scandium in small beaker, add Mylar substrate.
Add 2 ml conc H,S0, plus a few drops of 30% H,0,.
Add bombarded titanium foll, heat until dissolveéd.
Oxidize purple solution with few drops of HNO, (some
TiO2 precipitates at this point, if solution és too hot,
but“this does not interfere). (Note 1)

(2) Transfer to 50 ml centrifuge cone and precipitate TiOE'

aq. with several pellets of NaOH. Wash twice.

(3) Dissolve with conc HCl., (If solution is not complete,
try adding water and heat gently). Centrifuge and
transfer supernate to another centrifuge cone.

(4) Add slowly a saturated solution of NaHCO3 until initial
precipitate still dissolves on stirring.” (Note 2)

(5) Heat gently to effect homogeneous precipitation of
TiOQ-aq. Do not permlit the pH to rise above about 5.5.

(6) Repeat steps 3, 4 and 5 and combine the supernate
with that of step 5.

(7) Saturate combined supernates with HC1 gas (Cool!).
Centrifuge off the NaCl.

(8) Evaporate to 5 ml and repeat step 7.
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Table XX  (continued)

(9)

(10)

Add a crystal of KC10,, shake and transfer to a small
anion exchange columnECharged with 1 ml. Dowex~2 resin
which has been saturated with conc. HC1l containing

a few mg KClO5 per 100 ml.

Permit to absorb. When liquid level reaches the resin
bed add five drops of conc. HC1 with KC10_, and permit
again to reach the bed-level. Elute the écandium
activity with approximately 12 ml. conc. HC1-KC1O0,.
(Check with monitor when activity is eluted). 5

Pour the eluate rapidly into a 250 ml. Erlenmeyer flask
containing 30 ml. of a solution made of 11 parts

8 N NH, OH and 1 part 3%0% H,0,. Shake vigorously.
(Note 2)

After fumes subsilde, cool the clear solution and pass
it twice through a double-layer of Whatman 42 filter
paper positioned over a glass-frit funnel. (The
scandium activity remains on the filter in radio-
colloidal form).

Wash filter paper with 10 ml. of the mixture of step 11
to which about 3 ml. conc. HC1l has been added.

Wash with 5 ml. alkaline distilled water followed by
a wash with 5 ml. conductivity water.

Elute the scandium activity from the filter paper by
passing 5 ml. of 4 M HC1 twice through the filter
paper (some of the activity will still remain on the
paper, but most of it will be eluted).

Evaporate to near dryness and plate for counting.

The Mylar 1s dissolved first, since titanium forms a
preclipitate in hot conec. H2304 solution contailning
peroxide.

Ti(OH), 1s precipitated homogeneously from a solution
of pH 2, while the Sc(OH)3 precipitates only from a pH
of 7.

A sudden increase of the pH in a strongly oxidizing
medium transforms any titanlum present into the titanate
ion whose ammonium salt 1s soluble, while the trace
amount of scandium, being insoluble in the medium
"precipitates" in the form of a radio-colloid.
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At times it was possible to elute only about 3/4 of the
scandium from the filter paper to which it is very strongly
adsorbed. Relatively low yields were the results of this

effect.

C. Tracer for the Ti(d, a)Sc Reactions

The most readily avallable long—lived SCandiumrisotope
is 8046 with a half-1ife of 85 days. This isotope was
obtained in carrier-free form from the Oak Ridge National
Taboratory ’and stored for approximately one year.

To ensure a pure tracer, the 8046 activity was purified
previously to bombardment 19 by the same chemical procedure
as given in Table XX. Some inactive T1i foll was added

to serve as carrier of the scandium during the first steps.
The tracer Sc 46 was ldentified by its v spectrum and
half-life. The spectrum is seen in Fig. 63.

The method used for tracing the scandium fraction of
the titanium bombardments followed in essence the method
described above for the Mo(d, a)Nb bombardments. Two
5046 samples were prepared and the 1.12<Mev photopeak
of the v spectrum counted. The counfing rate ratio for
Y rays in the two samples was thus established. One of
the samples (A) was used in tracing the chemical separation,
the other (B) preserved for later comparison. After the

short—iived,activities of the bombardment product had

decayed out, the ratio of the sample (C) from the bombard-
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ment product and tracer sample (B) was determined. At
the same time the ratio between the sample (B) and the
bombardment product from a previous bombardment, for which

no 8046 tracer had been used, was determined. This ratio
was normalized to the time of the end of the absolute
bombardment and to the same activity of the shorter-lived
reaction products. (Bombardments of equal lengths were
used for this comparison). From these ratios the amount of

he 48( Lo

Sc ' present in sample (C) due to the Ti ~(d, a)Sc

reaction could be calculated and subtracted from the total
Sc46 activity. The remainder, stemming from the added
tracer, was then used to determine the chemlcal yield.

It is estimated that an error of less than 2% was introduced

in this experiment by the tracing.

D, Record of the Bombardments

The absolute cross sections of the Ti(d, a)Sc reactions
for 7.7;Mev‘deuterons were determined with the aild of two
bombardments. Bombardment 17 served to check the chemical
procedure and establish the identities as well as the
relative ylelds of the reacéion products. The latter was
important for the yieid determination of the tracer experiment
of bombardment 19. Counts were taken with the 4r counters

as well as with the y-ray spectrometer.
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Two MW—cQunter samples were made from the bombardment
product, one wéaker to follow the short lived Sc44 and one
approximately 29 times as strong to follow the longer-~
lived components. The ratio of the cdunting rates of the
two samples was carefully determined after the Sclwr activity
had decéyed out, and the curves, corrected for background
and coincldences, combined into one. Thils procedure
permitted to count samples noﬁ exceeding 100,000 c/m and
yet left a strong enough sample to follow the 85~day 8046'
component over many half-lives.

The complex B-decay curve of the scandium fraction
from bombardment 17 1s seen in Fig. 62. Many more points
were taken than are indicated in the figure. Those
presented are, however, typlical for the data obtailned.

The titanium target was exposed to the full energy
of the cyclotron beam in bombardment 19. After the chemical
separation two samples were prepared. One was followed
in its decay with the 4r counter, the other for a period of
two days with the +y-ray spectrometer. Spectra of this
samplé taken at various times after the bombardment can
be seen in Fig. 63 giving an indication of their complexity.
From a sequence of spectra taken by automaticélly sweeping
the y-ray spectrum for a period of two days followlng the
bombardment, the decay of the 0.5-Mev positron annihilation
line could be followed. It decayed with a half-life of

approximately U4 hours, eventually going into a much longer

half-1ife.
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The results from bombardment 19 are given in Table XXT.
Self-absorption of 1% was applied for the 8046 count rates
as determined by Hall (55).The error estimates are again
based on the principles discussed for the case of the
zirconium bombardments. The somewhat largér error in the
count rate determination of the 8046 is due to the un-
certainty caused by using this isotope as the tracer for
the chemical yileld.

As was mentioned above, the cross-section value re-

46(d, oc)Sc44 does not include the

ported for the Ti
Tiu6(d, a)chAm reaction and has thus to be considered
as a partial cross section. Thils is in contrast to the
case of the M097(d, a)Nb95 reaction mentioned earlier
where the Mo97(d, a)Nb95m was included into the cross

sectlon value of theover-all reaction.

E. Resolution of the Decay Curves

Figure 62 represents the complex decay curve of the
scandium product from bombardment 17 as obtained with the
br counter. A partial analysis into its 8046 and 8044
components was obtained by the method of consecutive
subtraction discussed for the zirconium bombardments.
Resolution of the combined ScuAm, 8047 and Sc48 yielded
an average half-l1ife of approximately 62 hours which could

not be resolved any further with the means availlable.
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V. The SBq(d} oc)P32 Reaction

The S34 reaction was considered of value for this
research to establish the trend of the (d, a) reactions
for non-magic number nuclei in the low-atomic weight range.
Hall (54) attempted the determination of the cross section
for this reaction, but experienced difficulties with the
elemental sulfur targets employed, thus introducing rather
large uncertainties in his values.

The chart of the nuclides 1in the sulfur region is given
in Fig. 64. Theré are three phosphorus isotopes obtailnable
by the (d, a) reaction on sulfur. Only one of them, how-
ever, has a long enough half-1ife to be observable after
the chemical separations necessary to obtaln it 1in carrier-
free form. Only P32 was thus observed in these in-
vestigations. This isotope decays by emission of a strong
1.71=Mev B particle without any v radiation,

The half-1ife of P32

was of great importance for the
analysis of the decay curves and had thus to be determined
experimentally. The value of 14.221 + 0.005 days determined
in thils work may be compared to some of the values found in
the literature as given in Table XXIT.

Most of the authors quoted in Table XXIIworked with
po2

samples that were not pure and corrections had to be

applied for the presence of 835 and P33. The majority
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NUCLIDE CHART OF THE SULFUR REGION

o133 113 [c1® Jc % CI37 ECR IPNES
28s |332m| 754 l4ax0’] 246 [3729m|555m
B Bty | ~ | B By | By
S 31! 8‘32 S?53 s34 S 3? S 36 S 37
348s 195018/0.750 [4.215 BTBLd 0017 %Q‘*Ym
p28 | p29 | p30 'P3I p32 | p3 | p34
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Fig. 64. Chart of Nuclides

in the Sulfur Region
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of the determinations were made by following the decay

of the P32

for less than six half-lives and carried out

with instruments for which the reproducibility of the

counting geometry, change of atmospheric conditions in the
optical path and linearity of detection posed problems.

The method used in this determination improved on the

isotoplc purity of the sample used, and avolded some of

the errors by counting a carrier-free sample withga U counter.

Following the decay for 11 half-lives increased the reliability

" of the experimental value (Fig. 65).

A. Target Preparation

Targets for the sulfur experiments were prepared by
evaporating chemlcally pure ZnS onto roughened Mylar film
in the high vacuum. (cf. section II-A-1 of part 2)

The evenness of the deposit was tested with the Pm147 gauge
and found to Vary within less than 1% (the sensitivity limit
of the gauge) over the entire target-area. The average
thickness was determined to within 1% from the weight
difference of the gmpty‘target frame plus Mylar substrate,
and the welght after the ZnS had been deposited. The target

area was deflned by the area of the collimator-mask used

in the deposition of the zinc sulfide.
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Fig. 65. B-ray Decay Curve of P32 from Bombardment 1 over
11 half-lives
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Table XXITII
Chemical Separation of Phosphorus from Zinc Sulfide Targets

(carrier-free)

Element Separated from Decontamination
Factor
P (carrier-free) d. bombarded ZnS 10
Time of Separation Chemical Yield
6 hours | 70%

Chemicals and Equipment

Pyrex beakers (800 ml); 1 Phillips beaker (250 ml);
centrifuge; pH meter; 2 centrifuge tubes, 50 ml; Erlen-
meyer flask, 1000 ml; 3 ion exchange columns, 25 cm long,
1 cm diameter.

Dowex 50 resin (100 - 200 mesh); FeCl, solution (1/2 satu-
rated); bromine, carbon tetrachloridey conc. HN03, SOA,
NaOH(pellets); 2CO3 powder; conductlvity waters 30%

Procedures

(1) Place %arget into 250 ml. Phillips beaker containing
the P22 tracer plated on Zapon film. Add a mixture of
20 ml1. CCl, and 5 ml. Br, and 5 ml. conc. HNO Permit
to react for 1/2 hour, shake at intervals. Néte 1)

(2) Heat gently and narrow down to near dryness, shake
occasionally.

(3) Add 3 - 4 m1. conc SO, to dissolve the Mylar
(Polyester film) and ghe Zapon film of the tracer
sample. Don't heat. (Note 2)

(4) After clear solution is obtained, add water to hydro-
lize Mylar. Centrifuge off the precipltate Decant
and save supernate.

(5) Add a NaOH pellet with a drop of water. The precipitate
dissolves with little residue. Dilute, centrifuge and
add supernate to that of step 4. (A mllky solution
results. Treat residue with a few drops H SOA and add
it to supernates. (Note 3)

(6) Centrifuge for 4 minutes to get rid of the colloidal tere-
phthalicacid. Add supernate into a 1 liter Erlenmeyer
flask and dilute to approximately 500 - 600 ml.

(depending on how much H 550) had been used).

(7) Pass the solution through a cation exchange column
- charged with 10 ml. 100 - 200 mesh Dowex-50 in hydrogen
form. The metallic ions are retained by the resin.
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Table XXIII(continued)

(8) Evaporate eluate to less than 500 ml. Neutralize
to pH 6.5 with less than 4 gr. solid Na2003 anhydr.
Heat while adjusting pH.

(9) Pass solution slowly through a Dowex-50 Fe(OH)
column (Fig. 21 E) that has been prepared as déscribed
below. Wash with 50 ml. HZO' Phosphorus is retained
by the column. (Note 4)

(10) Elute phosphorus activity from column with 100 ml.
of 0.125 N NaOH and pass 1t directly through a
Dowex-50 column in its hydrogen state. Wash columns
with 20 ml. HQO.

(11) Evaporate eluate to near dryness. Destroy dissolved
column resin (~1 mg) with a few drops 30% H 0, and
plate for counting after H, O, has been destroyed

272
by gentle heating.

Notes

(1) The solution of Br, in CCl, oxidizes the sulfide to sulfate
and avoids fo?mat{%n of colloidal sulfur which would
interfere with attaining an initial homogeneous
solution. Escape of phosphine is also avoided in
the oxidizing medium.

(2) Phosploric acid is volatile when heated to the fuming
- temperature of sulfuric acid.

(3) A homogeneous solution of the terephthalic acid
monomers results in the alkaline solution. _It 1is
expected that only a negligible amount of P32 is
carried by the reprecipitating acid before isotopic
exchange with the P33 tracer has occurred.

Steps 8, 9, 10 form a unique method of separating
phosphorus activity from sulfur.

(4) The Dowex=50 Fe(OH), column wag prepared by the
method given by McIgaac and Voigt. 85)  Dowex-50
(100 - 200 mesh) obtained from Bio + Rad Company,
Berkeley, California, was filled into the column and
washed with distilled water. Conc. HCl and again
distilled water was passed through the column until
eluate did not change red litmus. A solution
1 N in FeCl; and 0.1 N in HCl was then passed through
the column éntil eluate turned yellow. It was then
rinsed with water to free it from excess iron.

50 ml. of 2 N NH;OH was passed through next, turning
the resin purple in color. The column was finally
rinsed with distilled water to remove excess ammonia.
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B. Chemical Separation

The chemical procedure employed for éeparating the phos-
‘phorus reaction product from the bombarded target is given
in Table XXIII. |

The unlque method reported by McIsaac and Vbigt (85)
for the separation of trace phosphorus from macro gmounts
of sulfur by the/use~0f a katlon-exchange resin in the
ferric-hydroxide form was apblied for the present purpose.

It had been known preViously that Fe(OH), precipitated from

5
a FeCl, solution by ammonia 1s a good carrier for any

5
phosphorus activity‘present as phosphaﬁe. McIsaac and
Voigt produced this precipitate inside the particles of
a catlon =xchange resin and found that tracé phosphorus will be
“retained by the resin from a solution contailning macro
amounts of sulfate. As thé Fe(OH)B precipitated from a
strongly alkaline solution is less able to absorb phosphate
ions, the phoéphate traces were found to be eluted from
the resin bed by 0.125 N NaOH. Carrier-free phosphorus
is obtalned from this eluate by passihg the solution
through another column charged with a eation exchange resin
in the hydrogen form.

The steps preceding this separation as given in
TableXXIII’ahnto free the solution containing the dissolved
ZnS target from its content of radioactive metallic ions
and render a solution identical to the one employéd by

McIsaac and Voigt.
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C. Tracer for the SBA(d, a)P32 Reaction

The only available long-lived phosphorus isotope other
than P32 is PBB. It has practically all the disadvantages
a tracer can have. It 1s difficult to obtain at all,
practically 1mpossible to obtain in isotopically pure
form and in sufficient quantity. The half-life of PBB,
only 1.} times that of the P32)has not been determined very
accurately making the resolution of the decay curves
difficult. The activity of P35 is only a relatively weak
B with no vy ray accompanying its decay. The determination
of the cross section for the above reaction thus offered its
greatest challenge in this tracing step.

Phosphorus-33 is produced in a nuclear reactor by the
(n, p) reaction on sulfur. It thus accompanies all P32
activity obtained by this method as an impurity of
approximately 1% the initial activity. Due to the differ-
enée in half-1ife the P33 content of a decaying P32 sample
is enriched with time, although its absolute amount de-
creases. To obtain sufficient P33 tracer for this research,
a 10-mc P32 shipment was obtained on April 5, 1956, from
the Oak Ridge National ILaboratory and permitted to decay
until November 1956. The relative abundance of P33 in
this sample was thus increased to approximately 66%. The

835 content it

phosphorus tracer was puriflied from any
might contain and other impurities by the chemical

procedure given in Table XXIII.
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The method for tracing the chemical yleld of the
bombardment was the foildwing: Two samples of the PBB- P32
tracer mixture were prepared and counted in the 47 counter.
The self-absorption for the P33 actlvity was found as
described in section III;D-l of part 2 and the ratio of the
counting rates determined. One of the tracer samples was
used for tracing the bombardment, the other was pres%yved
as refgrence and followed in its decay. The amount of P33
both in the tracer sample and the bombardment product was
resolved from the decay curve, after corrections for self-
'absorption had been applied. The chemical yileld of the
separation was thus established. " The amount of P32 added
with the tracer P33 to the bombardment product was cal-
culated from the relative amount in the preservéd sample
and subtracted’from the P32 fraction in the bombardment
product to obtaln the absolute disintegration rate of the

fractlion produced by the Sju(d, OL)P'32 reaction only.
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D. Record of the Bombardments

7 Three bombardments were performed to investigate the
SB&(d, a)P32 reaction. Bombardment 1 served to check the
chemical procedure and determine the ﬁalf—life of the
bombardmeht product. The latter was followed for 11 half-
lives with the 4r counter. The‘decay curve of this sample
1s seen in Fig. 65. The half-l1ife was determined by the
least squares method*applied to the logarithms of the count
rates and found to be 14.221 + 0.005 days. From this
result it could be assumed that no P33 was produced during
the bombardment, which served as proof that the threshold
of the (d, an) reaction was not exceeded by the 7.8*Mev
deutérons even fof elements as low in the periodic table
as sulfur.

The absolute cross sectlon for 7. 8-Mev deuterons was
determined by bombardment 16. The target was exposed to
the full~energy beam and the phosphorus product separated
several days after the bombardment. The tracer mixture of
P33 - PBQ added to determine the chemical yield counted
approximately 69,000 c/m in the br counter. The self-
abéorption correction necessary for evaluation of the
P33 content of the purified sample from bombardment 16 was
determined to be 4 + 0.5%. (Section II-D-5 of part 2.)
Table XXIV gives the data and results from this bombardment.

The errors reported were estimated from the principles

discussed earlier (section II-E). They are in general

*
Non-weighted least squares method was used.
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| somewhat 1érge due to the difficulties experienced with
analyzing the decay curves. The error of the target
thickness has to be ascribed to the uncertaintles introduced
by welghing the ZnS deposits by difference.

Bombardment 3 served to establish the relative ex-
citation function for the SBu(d, oc)P32 reaction. Tﬁe target
arfangement for the bombardment is given ih Table XXV,

The targets were worked up simultaneously by the cérrier—
free procedure given in Table XXIII,and the purified P32
products counted over a period of several months with the
proportional counter. A series of straight decay curves
was obtained for the samples with little scatter of the
individual points. A graph of the excitation functions 1is
seen in Fig. 66.

E. Resolution of the Decay Curves

The difficulties in resolving the decay curves of the
tracer and the sample from bombardment 16 may be illustrated
by Fig. 67. The decay curve of the tracer is given to
1llustrate the amount of P33 contained in the six-month-old
shipment from the Oak Ridge National ILaboratory. Analysis
of the curve ﬁas performed by the method discussed in
section III-D for the case of the molybdehum bombardments.

Although the half-l1life of P32 was experimentally checked
in this research, uncertainties in the "known" half-life
of P53 made the analysis difficult. To obtain the resolved

curve seen in the insert of Fig. 67}& half-1ife of 24.2 days
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Table XXV. Arrangement for Zinc Sulfide Targets for

Bombardment 3

Target,of Absorber Thickness (mg/cmg) Average Deuteron Energy

Mev
Zns XI 1.39 T.74
Mylar 3.52
Aluminum 10.78
ZnS VII 1.594 6.55
Mylar 3.52
Aluminum - 10.78
Zns V 1.786 5.05
Mylar 3.52
Aluminum 10.78
7nS XII 1.902 3.15
Mylar 3.52
7ns IV 1.967 0.7

Mylar 3,52
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seemed to fit the data best. Takling this into consideration
it may be that the error quoted for the absolute cross

section in Table XXIV is somewhat optimistic.



212

VI. The Fe2°(d, o)Mn®" Reaction

For calibration of the x-ray counter it was desirable
to have a standard sample emitting characteristic x-rays
of approximately 6 kev. Manganese-54, an isotope decaying
by electron capture with the emission of a 0.84-Mev
v ray and a half-1ife of 290 days seemed well suited for
this purpose. To produce a sufficlent quantity of this
isotope a bombardment of an iron foil was obtained at the
Argonne National Iaboratory wlth the 2l-Mev deuteron beam.
The (d, a) reaction on the natural mixture of iron
isotopes yields a certain amount of short«lived products
as can be seen from the chart of the nuclides in the iron region
given in Fig. 68. Interference from these products,
however, was avoided by permitting them to die out before

54

the remaining Mn was used.

A, Target

The aim of the bombardment was to produce a relatively
high yield of Mn®". To achieve this in a two-hour bom-
bardment a relatively thick 10-mil pure iron foil was
silver-soldered onto a thick copper backing plate to
withstand the 100 micro-ampere current of the cyclotron
beam. Speclal solder containing the eutecticmixture of
silver and copper was flowed onto the copper backing plate

and 50% Na.,Br) 010 H,0

with a flux consisting of 50% HBB 7 o

O3
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plus water and the iron foll laid on the liquid solder.

Excess flux and solder was removed and the target exposed

to the deuteron beam.

B. Chemical Separation

The chemical separation procedure used to separate
the manganese reaction product from iron and cbbalt as
well as from copper, zinc, nickel, silver and cadmium
combined an 1nitial solvent extraction step with simultaneous
precipitation and ion-exchange steps. The procedure is
given in Table XXVII. ,

The solvent extraction step employs a continuous
extractor described in detall by Willard and Diehl (128)
- to remove all iron from the solution of the target with a
minimum amount of handling. (The target had a radiation
intensity of approximately 1 roentgen at’a distance of 2 cm).
This step was based on the»daté'reported by Dodson, Forey
and Swift on the éxtractability of certain metals from a
hydrochlofic acld medium by isopropyl ether as given in
Table XXVI,

The simultaneous precipitation steps as well as the
anion exchange steps follow the principles discussed in

- section III-B-2 of part 2.
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Table XXVI

The Extraction of Various Elements
from 7.75 N HC1 Soluftions by an Equal
Volume of Isopropyl Ether*

Element % In Isopropyl Ether Iayer
pelll 99 .00
cult 0.00
colt 0.00
Mot T 0.00
N1t 0.00
attl 0.00
crttl < 0.01
TiIV , 0.00
VV 0.00
804 in presence 0.30
of Fe

P04 in presence trace
of Fe

Mo in presence tracé
of* Fe

VV + IV trace

C. Identification of Reaction Product and Side Products

The Mn54 reactlon product was used as a standard for the
x-ray counter. Its x-ray photopeak as seen in Flg. 37 and the

v spectrum seen in Fig, 47 identified the isotope.

* Dodson, R. D., Farney, G. J., Swift, E. H., J. Am. Chem.
" Soc. 58, 2573 (1936). The extraction of ferric chloride
from hydrochloric acid solutions by isopropyl ether.
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Table XXVII
Chemical Separation of Manganese from an Iron Target

(carrier-free)

Element Separated from Decontamination
: Factor
Mn (carrier-free) d. bombarded Fe, 107
Cu and Ag
Time of Separation Chemical Yield
10 hours 50%

Chemicals and Equipment’

Continuous extractor(128); blowtorch; Pyrex beaker, 200 ml.,
50 ml.; filter crucible; Erlenmeyer flask, 250 ml.; porpous
plate; aluminum foil; 2 centrifuge tubes, 15 ml. centrifuge;
platinum wire, 6 inch; 2 small ion exchange columns (Fig. 20);
medlicine droppers.

Dowex-2 resin (200 - 400 mesh); conc. HNO,, HC1, NH, OH;
conductivity water; iso-propyl ether; HCl<gas tank; 1iron carrier

10 mg/ml).
Procedures

(1) Heat target in hood and free iron foil from backing plate.

(2) Place iron foil with adhering solder in beaker and add
conc. HNO,. Warm gently and permit copper and silver
to dissolée. Decant green solution and store after
ebullition ceases.

(3) Dissolve remaining iron foil in dilute HC1.

(4) After the iron is dissolved filter off any AgCl present,
add 5 ml. conc. HNO3 and evaporate to dark yellow syrup
of about 10 ml.

(5) Transfer to bulb of continuous extraction apparatus
and add 25 ml. conc. HC1l and 5 ml. HEO to make about
9 M in HCI1.

(6) Place approximately 175 ml. iso-propyl ether into 250 ml.
Erlenmeyer flask; add a small piece of porous plate, and
connect to extractor and place condensor on top of
extractor. Wrap extractor bulb with aluminum foil and
place in beaker with water. Heat the Erlenmeyer flask
to boil moderately and permit to extract in dark over
night.
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Table XXVII (continued)

(7) Evaporate extracted aqueous solutlon to near dryness,
take up with few ml. conc. HNO3' Add 3 drops Fe-carrier.

(8) Transfer to 15 ml. centrifuge cone and precipitate
with NHQOH. Wash twice and dissolve with dil. HC1.

(9) Precipitate with NH, OH and wash twice.

(10) Dissolve precipitate with conc. HCl and saturate with
HC1 gas.

(11) Apply solution to an anion exchange column charged with
approximately 1 ml. Dowex-2 resin saturated with conc.
HC1. :

(12) Permit to adsorb. Add 5 drops conc. HC1 and soak in
slowly.

(13) FElute Mn°" with 12 ml. of conc. HCI.

(14) Evaporate eluate to near dryness. Take up with
9 M HCI.

(15) Apply to second column charged with approximately 1 ml.
Dowex—2 saturated with 9 M HC1.

(16) Permlt to adsorb. Add 5 drops 9 M HC1l and soak in
slowly.

(17) Elute Mn®* with 12 ml. 9 M HC1.
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Side products such as Cdlo9 and 0057 from the above

bombardment were separated by carrier-methods from the
solutions encountered in above procedure and were also
used for standards. The x-ray spectrum for Cd109 is seen

in Fig. 38.



Part 4

DISCUSSION

I. Nuclear Shell Model

In recent years vast brogress has béen made 1n
establishing theoriles regarding the atomic nucleus. One
of the most successful attempts 1n describing the behavior
of nuclear‘barticles inside the nucleus is presented by
the "Nuclear Shell Model. The foundations for this model
were laild by Hartree (57), Elsasser (28 - 32) and Bethe (10)
in the 1930's 1in thelr attempts tQ find an "Independent
Particle Model" for the structure of the nucleus. In .
1948 Maria G. Mayer (81 - 2) pointed out several significant
\diécontinuities in the trend of the properties of nuclel as
a function of the atomic number, which seemed to indicate
the existence‘of distinctene;gy shells inside the nucleus.
The new 1ldea bringing forth the shell model was concelved
simultaneously b& Maria Mayer (83%) and Haxel, Jenson and Suess
(60) in 1949. Assuming strong spin-orbit coupling of the
nuclear particles resulting in splitting of the nuclear
energy 1eVels, the shell model can account for the dis-
continuities of nuclear properties and permits the cal-
culation of these properties by an adaptaﬁion to the

independent particle model as known before.

219
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The level scheme proposed by the Shell Model is
given in Fig. 69 indicating the presence of relatively
large energy-level spacings at the polnts for which dis-
continulties of nuclear properties had been proven.

The discontinuities occur at the "magic numbers" 2, 8, 20,

28, (40), 50, 82, 126.

A. The (n, v) Reaction Cross Sections

One of the postulates of the Nuclear Shell Model 1s
the relatively great stability of nuclei containing
"magic" numbers of either neutrons or protons. The
nuclear reactlon cross section 1s a quantity related to
the stability of the nucleus. Hughes (66) was thus able
to prove the greater stability of closed shell nuclel
with a plot of the capture cross sections for thermal
neutrons as gilven in Fig. 70. 1In this plot certain
l1sotopes such as Kr86, Rb87, Sr88; X3136, Ba138, Pb208,
B1209 etc., containing a magic¢ number of neutrons, reveal
slgnificantly lower cross-sectlon values. This rgveals
a certain lnertness toward nuclear reactions for these

nuclel and is an indicatlion of their relatively greater

stability.
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B. The (p, n) Reaction Cross Sections

To 1llustrate the same principle by means of the
(p, n) reaction Blaser, Boehm, Marmier and Scherrer (13)
investigated the cross sections and excitation functions
for the (p, n) reactions of many target isotopes. A plot
of the (p, n) cross sections which they determined for
6.7-Mev protons vs. the neutron content of the target
nuclel resulted in values for magic-number nuclel lying
below the general trend. The values for 6.7-Mev protons,
however, did not show significant deviation for all magic
nuclel. Those deviating most significantly in their
(p, n) cross section values belonged to so called "double
magic" nuclei, featuring a magic number content of both

neutrons and protons.

C. The (d, a) Reaction Cross Sections

Essentlially the same type of investlgatlon as

mentioned above for the (p, n) reaction was attempted

by the present research for the (d, a) reaction. It was
expected that the devliatlion of the cross sections for
magic-number nuclel would be much less significant than

for the two reactions mentloned above and, that measurements
giving values with an accuracy better than 10% would be
required, to prove any significant difference in the cross-

section values for closed-shell nuclel as compared to
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their non-magic neighbors. Thils expectation was based
on the fact that approximately 2.5 times as much energy
is released when the 7.8-Mev deuteron interacts with the
target nucleus than in the capture of a thermal neutron.
(The relatively high-energy deuterons had to be used to
give sufficient yields for the nuclear reactions). This
energy effect 1s likely to overshadow any small rest energy
differences 1n the magic-number target nucleus which are
relatively important for the (n,y) case (32, 110).

The most significant results were expected from the
comparison of the cross-section values of a nucleus

having closed shells for both protons and neutrons, ngo

y
with those of 1ts non-magic isotopes.

The results of this research appear to verify the
expectations. Figure 71 is a plot of the (d, a) reaction
cross sections for T7.7-Mev deuterons as determined in
this research. The values for cadmium and magnesium were
determined by Hall (43) and are included to round out
the picture. The errors for the points in Fig. 71 are
1isted in the tables for the various reactions (Tables X,
XVII, XXI, XXIV).

Two closed-shell nuclides with a content of 50 neutrons
have been investigated. While the value for M092 does not
seem to deviate from the trend established by the cadmium,

molybdenum and zirconium 1isotopes, the value for the

double-closed-shell ngo is seen to lie significantly below it.
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The relatively high cross-section value for sulfur is
not easily explained. Although the decay curve of the
phoSpﬁorus reéction product és seen in Fig. 65 seems to
exclude any admixture of p>> stemming from the 856(d,an )yp33
‘reaction, some of the P32 reaction product may still origi-
naté by the neutron-induced reaction Sjg(n, p)P32. The
latter 1s also suspected from the curvature of the low-
energy excitation function of the SBq(d, G)P32 reaction,
as is seen in Fig. 67. A comparison of this curve and
those presentéd in Fig. 52 and Fig. 60, for the zirconium
isotopes and Nb95 respectively, will readily elucidate
this difference in character.

The trend of the (d, a) reactlon cross section values
i1s indicated by the points in Fig. 71 and is seen to be
distinctly different from that of the (n, v) reaction found
in Fig. 70. While the non-magic number cross sections tend
to greater Values,for increasing neutron content of the
target nuclei, the (d; a) croés sections decreasé»with
increasing atomic weight.

Thermal neutrons do not have to overcome a potential
barrler to strike the nucleus. The probability of inter-
action, i.e., the capture cross section, thus increasés
with the size of the target nucleus.  In the case of
deuterons as bombarding particles a certain minimum energy
is required before the projectile can penetrate to the

nucleus of the target atom. This threshold energy is the
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greater, the greater the positive charge of the target
nucleus. For a given laboratory energy of the deuterons
the threshold energy 1s exceeded more for low-atomic number
nuclei than for those higher in the periodic table. The
cross sectibn,~however, is energy dependent as could be
seen in Flg. 52, and a steep rise of the excitation
function 18 experienced in the vicinity of the threshold.
This makes a slight excess of deuteron energy above the
threshold account for a large increase of the cross
sections (14).

To obtain a plot more closely analogous to Fig. 70,
the (d, a) reaction cross sections should be plotted for
those laboratory energies for which the deuterons have
the same kinetic energy when reaching the nuclear surface.
Such a plot would partially compensate for the effect of the
Coulomb barrier, which 1s not encountered in the case of
neutron capture.

To establish such a‘plot,‘very exact values for the
cross sections must be known for the respective ranges of
‘the excitation functions. The energy raﬁge that could
be covered by the means avallable for this research,
however, did not suffice for such a plot. It was thus
only attempted to defermine'the absolute cross sectlons
for one énergy, and to find somé relative values of the

excltation functions to determine the character of these

functions.
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A rather complete search for charged-particle-reaction
excitation functions reported in the liferature was under-
taken during the initial stage of this research.* Very few
excitation functions for (d, a) reactions were found in this
search, thus pointing out the need for additional data of

this kind.

IT. Considerations for Future Experiments

Further experiments on the (d, a) reaction cross
sections by the techniques presented in this report may
be planned as an extension of the present research. The
considerations entering into the cholce of the reactions
should be essentially the same as the ones governing the
choices for this investigation.

The energy of the available deuterons may exclude as
target materials all elements for which the threshold of
the (d, a) reaction is not exceeded. For the 7.8-Mev
deuterons of the cyclotron of the University of Michigan
this would exclude all elements with atomic number greater
than 66 (dysprosium) as was found experimentally.

The following elements had to be excluded, since the

*¥* Anders, O. U., Meinke, W. W., Excitation Functions and
Cross Sections, document No. 4999,American Documentation
Institute, Washington 25, D. C., U. S. A. (1956).
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(d; a) reaction products form stable nuclei: Be, C and the
odd atomic-number elements: N, F, Na, Al, P, Sc, V, Mn, Co,
As, Y, Nb, Tc, Eh, In, I, Cs, La, Pm, Tb. Investigation

of the (d, a) reactions of these elements would have to
follow a completely different approach. This would
probably include either detection of the primary a particles
emitted during the reaction, or the use of a mass-spectro-
meter,

Of the remaining 44 elements some were excluded because
the counting rates of the (4, a)'reactipn products would
be too low to measure due to the low relative abundance
of the parent isotopes and too long or too short half-
lives of the products. These elements afe shown 1in
Table XXVIII.

Inability to bombard gaseous materials and count
gaseous ﬁroducts with the equipment on hénd exclﬁded the
following elements from consideration: He;rLi, Ne, A,

K, Kr, Rb, and Xe.

Difficulties in analyzing decay curves of the (d, a)
reaction pfoducts were anticiﬁated for a humber of other
elements. The critical isotopes of these elements are
shown in Table XXIX.

Several elements posed diffiéulties in tracing their
(d, o) reaction products through the chemical separations:

‘No suitable tracer could be found for the C1°((d, a)S>”

reaction since all radioactive sulfur isotopes, but 835,

have half-lives pelow 10 minutes.
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Table XXVIII. Elements Excluded from Investigatlon because
of Half-Lives of (d, a) Reactlion Products or Low Abundance

of Parent Isotopes

Half-Life of (d, a)

Element Parent Isotope Abundance Reaction Product
B g0 18.8 bx 10712 sec
0 018 0.20k 7.4 sec
s1 5129 92.17 10° years
5170 3.12 2.3 min
Ca 0a™*0 96.9 7.7 min
Ca42 0.64 3,9 X 1O9 years
Ca44 2.1 12.5 hours
Ca46 0.003%2 22 min
Ca48 0.18 unknown
Br Br81 4o .4 7 % 1OLL years
106
Pd Pd 27.3 4.4 min, 42 sec
Ru Ru99 12.7 105 years
Ruloo 12.7 1O4 years
RulOl 17.0 2 X lO5 years
Ag Ag109 48.6 7 x 100 years
Eu Eul2) 52.2 80 years
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Difficulties were anticipated in procuring tracers
for the (d, a) reactions on Zn, Ge, Ce, and Pr. As tracer
for the Zn(d, a)Cu reactions the 61-hour a7 should be
used. This isotope can be obtained either by the Zn67(n,p)Cu67
reaction or the Zn7o(d, an)Cu67 reaction, but both would
necessitate the use of isotopically enriched targets.
The Ge(d, a)Ga reactions may be traced by the 14.i-hour
Ga72 which would have to be produced by a preliminary
bombardment of germanium. For the Ce(d, a)la reaction

no good tracer is available. Lal41 with a 3.8-hour half-

-1ife may serve to trace the Celug(d, a)Lal4O reactlion but

its procurement by the low-yield Ba138(a, p)La141 reaction
is difficult and close timing of the bombardments has to
be observed to make use of 1t.

140 pure tracer Celll can

Without use of enriched Ce
be obtained which would be necessary to trace the
Prl41(d, a)Ce139 reaction. The use of separated isétopes
was, howevef, avolded in the present research due to
their"high cost and lack of availability.

(d, a) reactions involving Mg, Cd (47) and Cr * had

been investigated by previous workers, so that the final

choice had to be made from the‘ten remaining elements.

* Kafalas, P., Ph. D. Thesls, Massachusetts Institute of
Technology (August 1954).
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The cross sections of the (d, a) reactions on iron were
not measured since the thin, high-purity iron foil necessary
could not be obtained during the course of the investiga?ion.
Nickei bombardmgnts producing 77-day 0056, T1l-day 0058 and
5:2—years 0060 were not performed, although thin targets
could be produced by electrodeposition. The bombardment
times neCessary for sufficient amounts of reactlion products
would have been relatively long and the resolution of the
decay curves bf the products difficult.

Gallium and selenium containing no magic number 1iso-
topes were of relatively small Interest for an investigation
of the effects of nuclear shell structure on the (d,‘a)
reactions.

This left only S, Ti, Zr, Mo, Sr, and Sb. The (4, a)
reaction cross sections of the first four were investigated
in the present research.

Improvements of the data obtalned in this research
could be made by employing the various techniques develdped
for tracing the reaction products more methodically. 1In
this connection it should be kept in mind that the method
using a reference sample is independent of the knowledge
of the decay constants of the tracers as well as of the
reproduclbllity of a given counter over a long period of
time.

The determination of the self-absorption of B rays in

the U4r sources may be studied in order to improve some
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of the errors quoted. Finally, the analysis of the decay
curves may be facilitated by the use of a computer, making
the resolution of many-component decay curves quicker and
less laborious. This would also permit the resolution of
decay curves involving isotopes whose half-lives differ
by less than 50 percent.

Nevertheless, 1t is believed that the method of
determining the (d, a) reaction cross sections has by
now been sufficiently developed to obtain data precise
enough for theoretical treatment. The work should now
be expanded to include various other nuclides to permit
a good quantitative correlation of the trends in the
(d, a) reactions. More excitation functions should be
measured which could be normalized to the absolute points.

The techniques developed in the present research are
applicable without alteration to the study of the (d, n)
reaction and, with little improvement on the chemical
separations, for all reactions for which the product 1s
different than the target element. For such reactions
more attention has to be given, however, to effects of

side-reactions having the same product.
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ITI. Summary

The purpose of this research was the determination
of the cross sections and excitation functions of various

(d, a) reactions induced by the 7.8-Mev deuterons from the

University of Michigan cyclotron. Measurements were per-
formed for reactions of isotopes of zirconium, molybdenum,
titanium and sulfur. Special attention was given to re-
actions involving closed-shell nuclei in order to detect
any significant deviation of the cross—section values for
these reactions when compared with values for non-magic
number nuclei. These deviations were expected to be
relativély small and precision measurements had to be per-
formed to detect them. New techniques and instruments

were developed for this purpose and others improved, which
had been evolved by previous workers. It was thus possible
to obtain absolute cross-section values with standard errors
between 5 and 10 percent and reproducibility within 2 per-
cent.

The accuracy obtained for the cross sections measured
in this research compared favorably with values reported
by other authors in the literature. Blaser, Boehm, Marmier
and Scherrer (13) quote errors of the order of 24 milli-
barns. Aamodt, Peterson and Phillips (1) report values

for the Clz(p, pn)C11 reaction cross sections with errors
of 7 millibarns. For this research the sensitivities

were of the order of 0.1 - 2 millibarns.
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The values were determined for the relatively low-
yield (d, a) reactions. Determination of the cross
sections was not possible by measuring the particles

emitted during the reaction itself. The reaction products

had to be purified by carrier-free procedures and counted
absolutely with 4 proportional counters and coincidence
methods. This added several steps introducing errors,
which could be avoided by workers measuring cross sections
by physical means only.

For the present research no compromise could be made
lessening the achievable accuracy of the measurements,
because of the small magnitude of the effects sought:

A compromise thus had to be made in the number of reactions
investigated. The final selection presents a compromise
between the availlable man-hours and the expected efforts
required for precision measurements on a particular isotope.

The instruments constructed for measuring the intensity
of the cyclotron beam included a current 1lntegrator per-
mitting readings with standard deviation of less than
1 percent and a negative high voltage power supply to
provide a potential of -1000 volts to the suppressor ring.

Chemical separation methods were developed to purify
the (d, a) reaction products by carrier-free techniques
and prepare carrier-free tracers used for determining
the yields of the chemical separations. A beta gauge was
designed and built for measuring the evenness of cyclotron
targets of a few mg/cm2 thickness with errors of approximately

1 percent.
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Various counters, including two 4m-proporticnal counters

and a 4-inch diameter x-ray counter, were constructed to -

gether with several electronic circuifs. The performance
of these counters was studied in detaill and optimum
conditions for proper operation found for them. Absolute
counting techniques were developed for counting x-rays and
B rays and experience gained in x-ray and <y-ray spectroscopy
using proportional and scintillation counters.

Excitation functions were measured for several of
the investigated reactions.by the "stacked foils" technique
and a rough correlation of the cross sectlon values for

7.7-Mev deuterons attempted.
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Tritegration of equation U4

at = K
Transpose ANy N=I08
dt A
Let sy 5w be the derivative of some
dt combination.
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By integration
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Table XXX. Data for the Beryllium Absorption Curve of

X-rays Emitted by Y88 and Mn54

Beryllium Absorber y88 % Transmitted 15 % Transmitted
mg/cm= * counz/;ate** counz/;ate**
4u.8 17,091 + 8 100 3101 100
67.6 16,907 98.9
67.6 16,764 98.1 2873 92.6
89.6 16,776 98.1
89.6 16,583 97.0 2613 84.2
126.1 16,377 95.8 2239 72.2
178.8 16,129 ol .4 1844 59.4
297.5 15,560 91.0 1177 37.9
423.6 15,069 88.2 825 26.6
591.8 14,136 82.7 361 11.6
724.8 305 9.8
1000 12,176 71.2
1000 12,140 71.0 116 3.7
1503 9,839 57.5
2188 8,415 k9.2
2475 8,026 k7.0
2u7s 8046 471
2846 6726 39.4

*

Beryllium absorber plus 44.8 mg/cm2 beryllium counter window.
**  Count rate corrected for background statistical variation 1-2% per point.
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Table XXXI. Data for Aluminum Absorption

Curve of Pm147 Beta-rays

é%g%%%eg cougggn;eiaginute
0.00 113,834,
1.46 9, 5ukL
2.72 15235
3.25 6,594
3.59 6,191
4.66 5,343
6.18 4143
13.9 1,557
21.8 836
25.1 729
39.7 566
46.6 532
5h4.3 505

1710 189.5
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