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CHAPTER I
INTRODUCTION

In this laboratory, a number of experiments have been
done to measure both relative and abhsolute nuclear reaction
crosa-sections, and execitation functions. This thesls describes
the modification of a method used for the determination of -
absolute (p,xn).cross-sections on the natural alpha-emitter
thorium-232, which may prove valuable in similar measurements
on other naturally active targets as well,

As early as 1956, absolute (p,xn) cross-section
measurements were carried out on the heavy element bismuth by
Bell et al (1) using the internal circulating beam of +the McGill
synchrocyclotron. The first measurement of a reaction cross-
section using the external proton beam was made in 1964, when
Kavanagh et al (2) made a precise determination of the
12C(p,pn)llc cross-section at 98 MeV. By degrading the external
beam energy with beryllium absorbers, Turcotte (3) in 1968
developed a technique to measure a set of relative (p,xn) cross-
sections for l27?[, and in 1970 Chang (4) described measurements
of absolute (p,xn) cross-sections in 89Y., The cross-sections
of Turcotte's work (3) were obtained by bombarding the iodine
in the form of CIy and monitoring the production of 1lc for
which the cross-sections were well known.

Térgets used in the earlier experiments (5,6,7,8,9)
were in‘most cases thicker than those used in the present

experiment (about 200-300 pg/cmz). By a technique to be
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described in Chapter IV, two problems {those of determining
detector efficiency and of measuring target thickness and
uniformity) have been simultancously solved. The method also
makes it unnecessary to measure B¥ activity from carbon monitors,
a technique which is often difficult because of undesirable
activities built up in other (p,xn) reactions.

The bombardment system is arranged so that the degraded
external proton beam of the McGill synchrocyclotron passed
through thin targets of uniform thickness and was collected in
a Faraday cup. Activities produced in the thorium were detected
and measured by using a silicon surface barrier detector and
multichannel analyser. Yields of a particular (p,xn) reaction
were measured by observing the intensify of a suitably chosen
known alpha-line in the spectrum from the decay chains of the
reaction product. Assuming known branching ratios for the
reaction product decay chains leading to the alpha emission
chosen, the absolute crogss-section for the reaction at the peak
of the excitation function could in most cases be determined
to an accuracy of better than 6% including both the systematic
error and the constant error due to the half life of the
232Th(p,6n) reaction. In the worst cases, cross-section errors
of the (p,6n) reaction never exceeded about *15%, including
this constant error. In the 232Th(p,7n) reaction cross-section

values, the total error is of the order of #25%, The

experimental arrangzement and apparatus are described in

Chapter IV, and the results are presented in Chapter V. These
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rosults are compared with a theory develooped by Jackron (10},
bnsed on the idea that a (o,xn) reaction cross-section includes
toth nrompt neutron knockout cascades followed by slower neutron
evavoration from an exclited nucleus. This has been uscd

extensively as a model to study (p,xn) and similar reactions

and Tthe agreement with experiment has been rfenerallyv satisiactory.

[P

]

The reeo

¢

ults for the (v»,6n) measurements will be compared with
those of other workers (6,7,8). The excitation funection for
the (p,7n) reaction has not been previously measured.

In Appendix I, a sample calculation of the present
cress—-section values has been made to illustrate the method.

4dpvendix IXY contains information about the half-life of

thorium-=232 and its alphs-particle energies, which was used

to
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rovide an energy calibration.



CHAPTER 17T

BACKGROUND OF THECRY AND PREVIQUS EXPERIMENTAL RESULTS
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latt and Weisskop?® (11) and Preston (12

In fact, mést observed (v,xn) cross-sectionshave
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the aim of deriving statistical vdroperties of cross-—-sections

Trom given models. Thus average cross~gections, auto-correlation
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Tuncticns ete, have been evaluated by many authors using

different zssumptions.
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These: calculations amount to evaluating expectation
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enerries., The description of the reaction mechanism

9}

is uvsually based on the model of the compound nucleus and

evaporations tThat is, the two.steps of the reaction can

3
[0}

[, ol e -
LLTST sTen

ne considered as sevparate procasses. 'h

8
on
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nucleus), and the second step is that (compound nucleus—ss
product nucleus + outfoing particle).

In Blatt and Weisskoof's (11) nuclear evaporation model
which may correspond to a bombarding ener&y below 20 or 30 MeV
per incident ndcleon, the intensity of the spectrum of outgoing
particles such as neutrons is given by

Ip(Eg) 06 Ey 0o(Be) Wy(Ey, - Eg) (2-1)
where Oc(Ee) is the total cross-section for collision between
a neutron of energy E, and the excited nucleus (i.e., as through
the reaction proceeded in feverse); (Eby -~ Eg) is represented
as an excitation energy which is just equal to the kinetic
energy of the captured particle in the centre-of-mass system
plus its binding energy.in the compound nucleus, and Wy(Eby - Eg)
is called the level density. For neutrons, Blatt and Weisskopf(1ll)
have expanded logwy(Eby - Ee) around Eby in a Taylor's series:
loghy(Ey ~E.) = logWy(Epy) - Eg(dloghy/dE)gapp,* - (2-2)

and integrate this to give

Wy(Ey, = Bg) = exp(-Ee/T) (2-3)
where T = (dlo@Ny/dE) is defined as the nuclear temperature
after the neutron has evaporated. Thus,

Ip(E,) oc G (Ey) exp(-E./T) (2-it)
gives the spectrum for the emitted neutrons.

Clearly for a highly excited nucleus a whole chain of
such evaporation can be envisaged, and one can cslculate such
gquantities as the average number of ncutrons emitted, and the

total energy spectrum. These chains have been studied by



Jackson (10) who has particularly paid attention to (p,xn)

and, to a much lesser extent, (p,pxn) reactions with incident
proton energiés up to 100 MeV, Serber (13) also has dealt with
incident particle energies of 100 MeV or more,, in which the
reaction processes are ceused by a different mechanism from
that of the Jackson model (10).

Jackson (10) has considered the reaction to Be divided
into two steps: a prompt multiple collision process, followed
by an evaporation stage. Then, the first step in calculating
a (p,xn) or (p,pxn) reaction cross-section is the determination
of the relative probabilities q(i,j) for the ejection of i
prompt neutrons and j prompt protons from a heavy nucléus
bombarded by protons as a function of the incident proton energy
Ey in MeV, In the second step, Jackson (10) assumed that the
neutron energy spectrum is Egexp(-E./T) and that neutron
emission occurs whenever it is energetically possible; he thus
calculates the probability that x neutrons are evaporated in
a collision with excitation energy E%, and calls it P{(E¥*,x).
Jackson (10) was then able to express the (p,xn) reaction
créss——section by averaging the neutron evaporation probabilities
over the various excitation distributions of the peritinent
prompt processes and by weighting them with the relative
probability for each prompt process:

o(pyxn) = 0g(Eg) T q(i,0) < B(E¥,x-1) >  (2=5)
‘where 0.(Ep) is the reaetizg cross-section caused by an

incident proton of energy EO; q(i,0) is the relative probability

-6 -



of the emission of 1 prompt neutrons and no prompt protons;

and <P(E%, x-i)> is the averaged neutron evaporation probability
for the remaining (x-i) neutrons at a given excitation energy
E#, In Jackson's derivation, the result is calculated as follows:

a)e OC(EO) is taken from Shapiro (14).

b). The information about the various prompt processes
are obtained from the results of a Monte Carlo type
calculation (15) based on a succession of quasi=-free,
two body collisions. In the Monte Carlo type.
calculation (15), numerical calculations are made
for a large number of representative cascadec where
the states of the interacting collision partners
are picked at random out of all possible ones.

c). Proton evaporation is neglible due to the Coulomb
barrier.

d). P(E¥*,x) = I(Ax,2x~3) = I(Am+1' 2x-1) (2-6)

where I(Z,n) is Pearson's incomplete gamma function
I{z,n) = (l/ang X1 o™X dx (2-7)

and AX:‘(E*_;‘;Bi)/T is the energy (in units of T)
above threshold for the emission of x neutrons,
where T is the nuciear temperature which can be
adjusted in order to obtain the best agreement with
experiment. B, is the binding energy of the ith
neutron which can be slightly adjusted as well as

can the nuclear radius.



e). The resulting (p,xn) cross-sections were comnared
with the experimental data of Bell and Skarsgard (1).

Experimental data of (p,xn) reaction cross-sections can
then be compared with Jackson's statistical model (10) by
taking 0,(Ey) from Shapiro (14) or from Blatt and Weisskopf (11),
while q(i,j) and P(E#*,x-i) can be estimated from the diagrams
of q(i,j) and P(E*,x) respectively given by Jackson (10).
II-2 Previous Experimental Facfs

Data have been collected from many studies carried out
on isotopes of the medium and lighter elements.

With alpha-particles of energy up to 18 MeV, Bradt and
Tendam (16) irradiated stacked foils of silver and rhodium and
observed the yield of radioactive isotopes resulting from (a,n)
and (a,2n) reactions. The energ& of the alpha-particles activating
a particular foil in the stack is obtained from the known
degradation in energy that the incident alpha particles suffer
after passing through matter. The cross-sections obtained show the
characteristic compound nucleus shape and can be fitted by
evaporation theory -by assuming a nuclear temperature T=1.8 MeV.

Ghoshal (17) carried out experiménts which provide a direct
proof of the compoﬁnd nucleus reaction mechanism. . 6k was
formed in two different ways by bombarding stacked foils of -
nickel (60Ni) with alpha-particles of energy up to 40 MeV and
copper foils (630u) with protons of energy up to 32 MeV,
Absolute yieidé of the various radioactive isotopes were

)

-8 -



determined by counting positrons emitted in their decay. The
ratios of the cross-sections in the two sets of reactions were
remarkably similar, giving a direct verification of the compound
nucleus theory. The same cross-sections have been measured in
63cu by Meadows (18) giving results which agree with this
concusion., ’

Otozai et al (19) measured the excitation functions for
the reactions induced by protons on lloCd, lllCd. and 112cd in
the energy range from 5 to 37 MeV., The total reaction cross-
sections agree with the calculated values based on the diffused
surface optical model. )

Porileetal(20) measured the excitation functions.. for
a number of (p,xn), (p,pxn), @,2pxn) and (p,3pxn) reactions
of 69ca and 7l@a with 13 to 56 MeV protons. Values have been
obtained. for the total reaction cross-éection of 69Ga and they
are in agreement with continuum theory values for rg=1l.4 to 1l.5fm.

Saha, Porile and Yaffe (21) worked out the excitation
functions for the (p,xn);(x=1 to 4) reactions and (p,pxn);
(x=1 to 5) reactions of 89¢ with 5 to 85 MeV protons using
internal beam bombardments with the McGill synchrocyclotron.
Also using thin metallic targets of 89Y, Chang (4) measured
the absolute cross-sections of (p,4n) and (p,5n) reactions with
degraded external beam energies between 49.0 and 67.0 MeV in
this cyclotron, obtaining a nuclear temperature of 1.7 MeV
for the 89Y(p,5n) reaction.

»
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Similiarly, Sachdev, Porile and Yaffe (22) worked out
the extitation functions for the (p,xn)s;{(x=1 to 5), (p,p3n),
and (p,2pxn);(x=1l,3,4) reactions induced in 885y vy protons
of energy from 7 to 85 MeV using the McGill internal beam. The
experimental results of both Saha et al (21) and Sachdev et al (22)
are compared with Monte Carlo calculations using the codes of
Chen et al (23) for the evaporation stage. The comparisdn
suggests that the calculations of Chen et al overestimate the
extent of compound nucleus contribution at high energies.

Turcotte (3) measured the relative cross-sections of
(pyxn);(x=3,5 to 8) reactions in ;ZYI using the external beam
of tkhe McGill synchrocyplotfon and a Ge(Li) detector. The
nuclear temperature T was varied as a parameter for each
reaction. The best fit for each reaction varied from 1.4 MeV
for  the (b.Bn) reaction to 1.8 MeV for the (p,8n) reaction,
using calculations essentially based on the Jackson model (10).

Measurements made on the medium=-and light weight elements
are more extensive but of less interest here than reaction
studies for heavier elements. Previous measurements of (p,xn)
cross~sections in heavy elements have been confined to proton
bombardment energies below 32 MeV or above about 70 MeV, and
few absolute values are given. Examples for rezctions on the
heavy elements are as follows:

Kelly (24,25) has measured the (a,2n) and {(a,3n) cross-

section in 29983 at energies up to 30 MeV, and the (d,p),

- 10 -



(d,n), (da,2n) and (d,3n) cross-sections with energies up to 19
MeV., John (26) has measured some (a,xn) cross-sections in the
isotopes of lead at energies up to 48MeV,. Also Kelly (24)
measured the (p,2n) cross-section in bismuth-209 at bombarding
energies between 9 to 32 MeV, and made measurements of the

shape of the (p,n) and (p,3n) cross-section curves; qualitatively,
these appear characteristic of the shapes expected from compound
nucleus theory. As the proton bombardment energy is raised
above the threshold for a particular (p,xn) reaction, the crcss-
section rises rapidiy to a peak and then falls almost equally
rapidly above the threshold for fhe next higher reaction
(py(x+1)n), Fits were made using a nuclear radius parameter

of r°=l.h3 fm. Andre et al (27,28) have also measured the

(p,n) and (p,2n) cross-sections in bismuth-209 for energies
ranging up to 10.6 MeV. The stacked foil techniéue was used

and the incident beam wés well defined in energy; here the
nuclear radius parameter deduced was ry=1.5 fm. The results
were quite different from those of Kelly (24) in this energy
region due to stfaggling effects of the alpha varticles,

However because of the lower energy of bombardment, <he

maximum (p,n) cross-section was not reached and the (p,2n)
cross—-section was obtained only up to energies less than

1l MeV above the.threshold. Their paper includes data showingb
that Kelly's (25) assumed normalizétion for the (p,n) cross-

section is essentially correct.

- 11 =



The first extensive measurements of (p,xn) cross-
sections were made by Bell (29) on bismuth. Absolute cross-
sections for the reactions (p,xn);(x=3 to 7) .were obtained for
proton energies ranging from 20 to 85 MeV. Bismuth foils of
about 80 mg/cm? thickness were bombarded with the circulating
beam of the McGill synchrocyclotron, together with teflon foils
to serve as flux monitors using the known Clz(p,pn)Cll cross-
section. Skarsgard (30) measured the absolute (p,xn) cross-
sections of 206Pb over the energy range 15 to 65 MeV for
x=1 to 7. Thin target and monitor foils were stacked and
bombarded by the internal beam of the 100 MeV McGill cyclotron.
' Based on their previous work (29,30) Bell and Skarsgard (1)
describe measurements of cross-sections of (p,xn) reactions
in 20983, 206py, 207py, ana 298pyp, covering x=3 to 7 in 299Bi,
2 to 6 in 206Pb, 2 to 4 in 207Pb, and 3 to 4 in 298pp, over a
total proton energy range from 12 to 85 MeV, with an absolute
accuracy of about 15%. Each excitation function rises above
its threshold to a peak whose height is of the order of one
barn, and then falls again to a low and fairly constant value.
Although the results from x=3 to 7 are consistent with the
formation of a compound nucleus including prompt nucleon-
nucleon knockout, the experimental (p,2n) cross-section appears to
be almost double the value predicted. Since (p,xn) reactions
are dominant in the energy range 10 to 40 MeV, their sum
approximates the total reaction cross-section; the experimental

A
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suam fluctuates around’ the smooth curve computed for the
compound nucleus model using r, =1.3 fm. The fluctuations
were similar to, but more marked than, those in the total
neutron cross-section for heavy elements in the-same energy
range. A more detailed theoretical discussion of the results
is given by Jackson (10).

Hoﬁtzeas and Yaffe (31): used radiochemical techniques
to determine the absolute excitation functions for 17 nuclides
formed as spallation products from the irradiation of vanadium
by protons of energies up to 84 MeV. The shape of the excitation
functions showed evidence of the contribﬁtion of heavy-particle
emission in the reactions of the type (p,3pxn), (p,5pxn) and
(py7pxn).

In an attempt to understand nuclear fission in heavy
elements, Holub (32) observed chafge dispersion in the fission
of 232Th. using MeGill's internal beam. In this work,
measurements were made of the independent and cumulative cross-

sections of several elements produced in the proton induced

- fission of 232Th.

McCormick and Cohen (33) worked out the absolute
excitation functions for (p, fission) and (p,xn) reactions in
232Th. 235U, and 238y by using radiochemical techniques. Cross-
sections for (p,xn) reactions in 238y were found to be quite
small., The total reaction cross-sections correspond to a

nuclear radius of (1,55 % 0.1)A% x 10713 cm. This paper dealt

- 13 -
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cross-sections, and discussed the discrepancy between electro-
magnetic and nuclear determination of the nuclear radius.

For the first time, Tewes and James (34) reported that
the work on the (p, fission), (p,n), and (p,3n) reactions on
thorium indicated that the (p,xn) processes account for much
of the total proton cross-section at all energies up to 20 MeV.
Tewes measured the absolute cross-section of these reactions
with proton energies up to 32 MeV.

Meinke et81(7) determined the excitation functions for the
reactions 232Th (p,xn) in x=3 and 6, 232qy (d,xn) in x=4 and 7,
232y (a,pxn) in x=5 and 8, 232Th (a,xn) in x=6 and 7, and
238y (pypxn) in x=5 and 8., In this experiment..stacked foils
of 5-mil thorium or uranium metal with varying thickness of
copper metal sandwiéhed between them were bombarded with
charged particles with energies as high as 348 MeV for protons,
194 MeV for deuterons, and 388 MeV for helium ions. The
results are discussed in terms of compound nucleus formation,
transparencyveffects, fission, and other factors in order to
arrive at a qualitative picture for the mechanism of high
energy huclear reactions with heavy nuclei. It may be of some
interest to make a more quantitative comparison between the
observed peaks of the excitation curves for the (p,6n) and
(d,7n) reactions and what would be predicted on the basis of

the compound nucleus idea. Unfortunately, the energy scale in

-1k -
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Lefort ¢t al (8) studied spallation reactions of thorium
by chemical isolation of Pa, Th, Ac, and Ra icotopes at the

sroton enerey 150 and 82 KMeV, and measured their absolute

e

cross—sections. Soecifically the (p,;3n) and (p,6n) reaction

o
D
W

cross—gections on thorium were measured at various en:s c

SATA
e e

between 28 and 150 MeV, Colculstions were carried out by assuming

a Serber-Jackson medel (13,10), and fission-evaporation

of the isotoves 227, 223, and 230 of protactium by using

{v,xn) reactions with vproton energies between 24 and 155 MeV,

In Hussonnois' work ( 9 ), the value of +the-cross-=section
228 . . . 2132 . o .
Pa production by tThe ~3~TL ©,7n) reaction for 155 MeV protons,

reaction measured by Meinke et al (7), Lefort et al (5),

end Brun et al (8) can be compared with the present experiment,
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CHAPTER III
EXPERIMENTAL METHOD
The method to be described was developed for
measuring cross-sections for proton induced reactions in thin
targets of known uniform thickness at this laboratory (3,4);
this has been modified in order to determine absolute cross-

sections for reactions in thin natural radiocactive targets

of unknown thickness.
ITX-1 Generai Method

In this work, thorium targets with measured natural
radioactive decay rates between 1,0 and 2.0 counts per
minute were bombarded in the external proton beam of the
MecGill synchfocyclotron. This beam, which wasbdegraded
from 103.0 MeV with beryllium absorbers, emerged from the
beam line through a2 50 mg/em? aluminum window just in front of
the target. Inside the beam tube, and immediately in front
of the' window was a system of aluminum absorbers and a Faraday
cup for measuring the beam energy. Bombardments lasted from
2 to 17 minutes with a proton current ranging from 3 to 15
nano-amperes. The, beam current was collected in another
Faraday cup just behind the target. The total transmitted
charge was measured by monitoring the cup with a pico-ammeter
whose output was connected to a voltage-to-frequency converter
(VFC); this in turn was fed to a_scaler.,

The radioactive product nuclides formed in the thorium

target decayed via alpha-particle emission, or beta emission,
.

- 16 -



or orbital electron capture. In this experiment, alpha-
particles following these events were detected with a system
comprising a silicon surface barrier detector, a charge
sensitive preamplifier, a main amplifier, and a pulse height
analyser, |
III-2 The Cross~Section

The definition of a nuclear reaction cross-section
is based on the simple picture that the probability for the
reaction between a nucleus and a flux of impinging particles '
evenly distributed in space is proportional to the cross-
sectional target area presented by the nucleus. DMore precisely
the cross-~section is defined by the equation

N4 =IN o X | (3-1)

where Nj is the rate of processes of the type considered

in the target area struck by the beam (sec™1); I is the total

-particle current per unit time (sec=1l); N' is the number of

atoms per cubic centimetre of target (em=3); ¢ is the cross-
section (cm2)s X is the target thickness (cm).

The target is considered to be thin enough that the
beam intensity does not decrease significantly when passing
through it.

A The cross-section ¢ varies with the kinetic energy E
and also with the type of incident particle. This function
0(E) is called the excitation function of the nucleus for the
particular process and bombarding particle., In the work to
be described proton bombardments were carried out at a number

B
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of incident energies, in order %o determine excitation functions
for the (p,6n) and (p,?n) reactions on thorium-232.

The following equations illustrate the method used to
calculate the cross-sections for the reactions studied. The
formula defining the cross-section can be used to find the
number of the new species produced in the target area struck
by the beam. The flux is defined as

B =DV, | : (3-2)
where D is the density of incident particles and V, is their
velocity; here it is aésﬁmed that the incident beam is normal
to the target plane.

If a new nuclide is produced in the reaction, as in
the case of a (p}xn) reaction, the rate of production is

dN,/dt = D Vo 0 N = Ny = (3-3)
wheh the new nuclear species is radioactive, with a decay
constant A, where N, is the number of nuclei per unit area
of the new kind produced by the incident proton beam of velocity
Vo3 N is the number of target nuclei per unit area; o is the
particular cross-section leading from the target nucleus to
the. desired isotope.

In the equation (3=3), the first term on the right side
gives the rate of formation of the new radioactive atoms
from the target sample; the second term gives the rate of
disappearance of the new product because of their radioactive
disintegration.

The integral of equation (3-3) is given by
h) .
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No(t) =DV, 0 N (1 - e~At) A (3~4)

or

No(t) = (P/St) 0 N (1-e-AL)A (3-5)
where P is the total number of incident particlies (in this
case, the total number of protons); S is the total reaction
area of the targets t is the lengfh of time for the irradiation
of the sample.
Equation (3-4) or (3-5) is the basis of the method
usually used to determine the aétivation cross~section of
a nuclide if thé flux @ of the incident beam is known, or
for determining the flux of the incident beam when the
activation~cross—section is known.,.
In an actual experiment, a finite time (t; - t)

must elapse between the end of the irradiation period t and
the starting time tl of the actual counting. Therefore,‘the:
total number Na(tl) of the new radioactive atoms per unit
area still existing in the target at time t1 is

Na(t1) = (P/St) (oN/A) (1 - e~A) e-Alt1 = ) (3-6)
Likewise,.. the number N (t,) per unit area of the new radioactive
atoms still existing in the target at time t, when counting - |
stops is

Nay(tp) = (B/St) (oN/A) (1 - e=AL) e=Alt2 - t)  (3-7)
Therefore, the number of counts recorded by the counting
system will be

Naltyata) = [Nalty) - Natep)] x ¥ 2
: (P/S’l:)(ONA)(l-e"At)ekt(e'xbl—e"x'z)XYQB-a)

1)
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where X is the solid angle efficiency'of the detector:
Y is the ratio of live time to real time'for the analyser;
Z is the fraction of the decays which result in the specifiec
alpha-ray observed. It is assumed here that the counting
rate efficiency of silicon detectors for alpha-particles is
essentially 100% for any case where the energy lost in the
sensitive region gives pulses much larger than the noise
level,
Now, the natural deéay rate from a radioactive target
such as thorium will be
(an/dt), =\, N (3-9)

where dN is the total number of atoms per unit area decaying -
during a time dt. Also, in an actual measurement, the number
of decays counted can be expressed by

(dNn/d't,)é (dN/dt)p X' Y' 2°
= (M, N) X* Y' 2Z°

and then the number of nuclei per unit area counted is

(3-10)

given by

N o= (dNp/at), Oy X* Y* 20) 7 (3-11)
where'dNn is the total number of decays per unit area
during time dts X' is the solid angle efficiency of the
detector from the natural source; Y' is the ratio of live
time to real time for the anlyser system; Z' is the fraction
of the decays which result in the particular alpha-ray observed

from the thin foil thorium target,
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Substituting equation (3-11) into equation (3-8)

give

171

PoXY2Z N
Na(tl-“c-?):str;\; X'Y'z° (dNn/dt)c(l—e‘At)e"'t(e'Atl—e"Nz) (3-12)
1 ' 4‘

If the same detector is used to count both natural and
induced activity, then S=S', and X=X', A multiplication of
both sides of equation (3~12) by S will then give the total
number of recorded counts R, from induced radioactivity in
area S terms of the counts from natural activity as follows:
Ra(t1,%2) = PQOYZ, (1-e~Xb)eNE(o=Ab1 - o=Ab2) (3-13)
STANY "2

where Q=(dNn/dt)CS. Then the cross-section for the given

reaction can be expressed by

StAMN Y Z'R
G = ] a (3_.14)
PQY 2 (L-e~At) oAb (o=AB1 . o-Xt2) T

In effect the use of the same detector in the measurementﬁ.
of induced and natural activity eliminates the problems of
directly measuring target thickness and solid angle efficiency.

In the equation (3-14), Rg(ty,tz) and Q are observed
by the pulse height analyser; P is given by the measurement
of the incident beam charge delivered; Y and Y are determined
by calculating the ratio of live time to their counting
real times Z, Z°', A, and )\, are taken from the known decay
schemes of the radioactive nuclide involved., A sample
calculation including an estimate of error is given in

Appendix I.
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CHAPTER IV
EXPERIMENTAL ARRANCEMENT AND APPARATUS
IV=1 Preparation of Targets and Thickness Measurements
A. General Physical Properties of Thorium (35)

Thorium occurs in thorite (ThSO4) and in thorianite
(Th0,+U05). Thorium is now thought to be about three times
as abundant as uranium and about as abundant as lead or
molybdenum. The metal is fissionable and is a source of
nuclear power., Thorium is recovered commercially from the
mineral monazite which contains from 3 to 9% ThO, along with
most rare-earth minerals. When pure, thorium is a silvery
white metal which is air stable and retains its lustre for
several months. When contaminated with the oxide, thorium
slowly tarnishes in air becoming coloured (see Fig. 4=1(A)),
gray and finally black. The physical properties of thorium are
greatly influenced by the degree of contamination with the
oxide. For this reason, values for the melting point and
specific gravity sre still in gquestion. The general physical
properties of thorium=-232 are given in Table 4-1 and its
radioactive characteristics are outlined in Appendix II.

In this experiment, powdered alpha inorganic thorium was
purchased from Ventron (Berverly, Mass,; U.S.A.).
B. Vacuum Deposition of the Thin Folil Target

The thorium was evaporated on an aluminum backing

foil of thickness 0.00075 mm, and the foil was then glued to
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(A). Surface colours of thin thorium target foils
used in this experiment.

(front cross-sectional view)|(side cross-sectional view)

-

e R it S T R T ECORIS
' -4 . | | .

_ (B). Mechanical detail of targét

{X). Mechanical detail of target mounting ring.

(. Aluminum backing foil ~==~-~-—-thickness 0,00075 mm.
(©) . The thorium deposited by evaporation. .m= .=
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Table 4-1, Physical Properties of Thorium=-232(35)

Atomic weight —~~cceccmcmmmmacceaa - 232,08

Atomic number =-==mmscemceceecee——e 90

Valence w=wemecmccccmcaccmoaa- = e e e o e o e L

Crystalline form =----=---——-emwe- Gray, cubic radioactive
Specific gravity ===—-e=- ———————— ~ 11.66

Melting Point 9C ——emcmmcmccmccemae. 21700

Boiling point OC —mecemmcccccccae—— =4000

Solubility, in gram
per 100 ¢C ===—mmmmcccccccncca—— ~=~- Soluble: HCl, H,S0,, Aqua regia
. Slightly soluble: N03

an aluminum mounting ring (see Fig. 4-1(B)), with a small
quantity of vacuum grease.

The vacuum evaporétor used contains a Varian e-gun
electron beam evaporation source (36). The gun‘'s heating
element is a tungsten ﬁire filament mounted to one side of
a crucibles; this is heated b& means of one variac-controlled
- transformer to éive the required electron emission and the
electron beam is moved by adjusting a magnetic field with the
other variac—controlled transformer to the striking area desired.

A small quantity of powdered thorium was placed in the
crucible beneath the mounted aluminum backing foils, and this

was heated by the beam until evaporation occurred. The
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Table 4-2., Evaporation scheme for thorium targets

Operating pressure =—------ From 5x10“5 to 6x10'6 Torr
Beam voltage ——m——m—mm———- 1,000 volts
Beam current =—w—ecececcaeco-a From 250 to 350 mA

Filament voltage and current--From O to 6 volts, From 0 to 25 A
Length of time for one devosition~--From 5 to 15 sec.
Time interval between one deposition and the next-=5 min.

Total number of depositions for one target--=——=—=- 20

technical detalils of the evaporation scheme are outlined in
Table 4-2, An estimate:ofvthe evaporated foil thickness was
made by weighing foils following evaporation.

-Because of the fragility of the foils, the system was
allowed to return to atméspheric pressure over a period of
about one hour. It was found that if the thorium layer was
thinner than about 300 pg/cmz, its surface coloﬁr began to
change due to oxidation in air. The deposited thorium targets
were therefore kept in a vacuum of about 30x10'3 Torr to
preserve them as well as possible., This precaution was
probably unnecessary since the oxide does not interfere
significantly with the alpha-ray measurements of this experiment.
. C. Measurements of Target Thickness

Methods of measuring target thickness are available
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whereby the mean thickness of a material may be determined
but, with the possible exception of weighing, these involve
expensive equipment. In some cases, the thickness may be
measured by using optical methoﬁs vased on a Michelson inter-
ferometer. Also, considerable work (37,38,39,40,41,42) has
been reported dealihg with thickness measurements of thin
foils and films based on the absorption or scattering of
alpha, or beta particles in matter. In addition, the foil
thickness of target material can often be monitored during
the evaporation process (43).

In this experiment, the basic method used in the deter-
mination of the number of target atoms has been described in
Chapter III. Equation (3-11) gives the number of nuclei per
unit area bombarded (and counted) in terms of the natural
decay count rate, the natural decay probability, and parameters
associated with the specific detection system used. Eguation
(3~14) then gives the value of the cross-section.

.Iﬁ this experiment, the area was equal to S=S'=1.057 cm?;
the ratio of live time to real time for the analyser could
be taken as Y=Y'=100% because of the low decay rate of the
natural and induced radioactivity; the fraction of the decays
resulting in the alpha=ray observed and the decay constant
were taken as Z'=100% and.)%f:9.413 b 10'17/min° respectively
by using the known data (see Appendix II): the counting

periods for the natural activity of the targets were beitween
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28 and 30 hours; since the observed decay rates were between
1.0 and 2.0 per minute. This counting technique should he
useful fof cross»séction measurements on any naturally radio-
active target material (e.g., lutetium, radium, actinium,
protactinium, and uranium).
IV-2 Degraded Beam Bombardments Using an Analyser Box

A, Introduction

A target holder and Faraday cup were installed in the
external beam hall of the McGill synchrocyclotron, and a
flexible experimental control and analysis system was assembled
for this experiment. A plan of the beam hall, showing the
locgtion of this apparatus, is given in Fig. 4-2,

The external beaﬁ was used for these activations. The
system used in this work was designed for ease in measuring
activation cross-sections directly without requiring a known
monitor reaction to deduce the bombardment intensity. The
inherent advantages of én external beam are its well defined
energy and the certainty that the beam passes through the
target only once., The current, and total charge through the
target can easily be measured in a Faraday cup. In the
internal cyclotron beam, the radial oscillations and the
precession of the orbits in the median plane of the field
cause a significant spread in the energy of bombardment at
any given radius and cause many protons to undergo multiple
traversals of the target.

i}
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Plan of the external beam system of the McGill

synchrocyclotron. The labelled components are identified

as follows:

A
B
C
D

=

&

= < & 3 ®m W W o =2 =B H o= 4 oI oo

11

&

]

i

Exit port

Faraday cup (removable)

View box a

S1it system

F = Bending magnets

Degrader box

I = 4" and 6" quadfupole magnets
Television view box '
Switching magnet

Beam direction

Beam line

Faraday cup

Television view box

Q = 6" and 4" guadrupole magnets
Faraday cup with aluminum window
CollimatOﬁ and target holder
Faraday cup

T. V. camera

Analyser box

Faraday cup






The method and technique of irradiating targets were
based on investigations of beam properties in 1971 by Moore (4i4).
Other descriptions of the main apparatus have bheen given by
Turcotte (3), and Chang (4).

B. The External Beam Set-Up

Asbshown in Fig. U4-2, the analyser box V is attached to
the end of the beam pipe. The detalls of the bombardment
system are presented in Fig. 4-3,

When a specific energy was required, the incident proton
beam was degraded by beryllium absorbers. The energy of the
transmitted beam as a function of the total thickness could
be estimated from Fig. 4-&., These absorbers were installed
in the degrader box G of Fig. 4-2, The position of the beryllium
degraders was about 10 meters upstream from the target system,
at a point where the beam is focused to a small diameter. The
beam, which diverges downstream from these absorbers was
collimated by the magnetic guadrupole lenses H and I, bent-
by a switching magnet K, and finally refocused by another
quadrupole pair P and @ (see Fig. 4-2). These magnets P and
Q are located in front of the bombardment system so as to have
a diameter less than 1.2 cm at the target.

The target holder designed for this set of experiments
is shown in the detail drawing of Pig. 4-5. For viewing of
the beam a scirtillation screen is attached to the aluminum

window R-2, and observed by a remote controlled T. V. camera
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Fig. 4-3

The clements of the hombardment system

The chamber shown was designed specifically to bombard
targets of uniform thickness by a well defined proton beam.
The focussed beam passes through tﬁé chamber V' , containing
. three wheels with apertures on which are mounted various
thicknesses of aluminum (one aperture beinh vacant). The
beam passing throush the aluminum is intercepted in the
Faraday cup R-1 ( a plug is inserted in the beam collimating
hole S-1 so that no proton charge escapes from the Faraday cup).
The various thicknesses of aluminum are then rotated into the
beam to give a range-energy analysis of the protons; Once
the energy of the beam has been determined, the plug in the
collimator is removed.(leaving a 50 mg/cm? aluminum vacuum window
between the Faraday cup and the collimator), and the target
is bombarded. The beam passing through the collimator onto

the target is collected in the Faraday cup.

- V= aluminum absorber chamber = collimator

V-1 = wheel no. li = target holder

S

S
V~2 = wheel no. 2 - S=3 = target
V-3 = wheel no. 3 M

R-1 = Faraday cup

1
2
3

-1 = focussed bheam
T = Faraday cup |
X

R-2 = aluminum window = external beam ﬁipe
R-3 = Beam pipe (brass)

hl
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Beryllium degradsr thickness in inch

1.5

0.5

{The data was taken from
R. B. Moore(44))

@O :Experimental value
for the.incident beam
of 103.0 MeV

O—-Q——Q—0 ! assuming an incident
beam energy of 100 MeV

N N S N N T A M O O I

30 ¢« 40 50 60 70 80 90
Incident proton beam energy in MeV

" Fig. 4-4, Beryllium degrader thickness as a function of

degraded proton beam energy with incident beamn
energy 103.0 MeV,
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Fie, U-~-5

Mechanicnl details of Paraday cup, aluminum window,

collimator and target holder in the bombardment system.

R-1
R-2
R-3
R-L
R-5
R-6
R-7
R-8

R-9

R-10

S-1
S-2
S-3

Faraday cup (brass)
vacuum windew of thickness 50 mg/cm?
beam‘bipe (brass)
aluminum ring with window
aluminum ring
insulator
flange bolt
BNC connector
O-ring
= wire from Faraday cup
beam collimator of diamator 1.16 cm
target holder

target
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(SIDE CROSS-SECTIONAL VIEW)

(R-10) =~
(R-9)

(R-7)

~(R-9)  (R-8)—sm

(R-7)

(R-9)

.
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.
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(FRONT CROSS-SECTIONAL VIEW)

Fig. b-5
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U (see Fig. 4=3 or Fig. 4=5).

Once the beam has been focused, 'l) the scintil;ator is
removed, 2) Faraday cup T (see Fig. 4-2 or Fige 4-3) was
connected to an electrometer via a cable to the cyclotron control
room, 3)' The beam collimator S~1 was attached to the window R-2
as shown in Fig. 4-5 and the currents in the qqadrupole palrs
were adjusted to obtain the maximum transmiséion of the beam
through the collimator S-4 into our standard laboratory Faraday
cup T (see Fige. 4-3). The Faraday cup T.was placed as close as
" possible to the collimator S-1 to minimize the loss of any protons
scattered from the window, the target or +the air path between
the window and the standard cup T. By placing coilimating rings
around the éntraﬂce of the'Faraday cup, it was‘estabiished that
99,0% of the transmitted beam was within a 2" diameter circle at.
the 4" diameter entrance of the standard cup T. As a further
- check, the decrease in Fafaday.cup.current for the same cycictron
beam with target out and target in was less than 1.0%. Since .
the target wasuby far the most massive scatterer in the beam
path; this. indicated that scattering errors were insignificant.

The external beam system was then ready for a bombardment,
Inlthis experiment, the details of controlling and setting up
the whole beam system were done by co-workers Dr. R. B. Moore
and Dr. Jo E., Crawford, and the.author.

C. Bombardments arid Calibrations:

After it had been established. that a degraded beam of
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sufficient intensity was passing through the collimator into

the standard Faraday cup, 1) ‘the target holder with target

‘was inserted in the collimator S=1 shown in Fig. &4=-5., 2) A

current integrator was set up by'connecting the voltage output
from the electrometer to a voltage-to-frequency converter,

which in turn was connected to a scaler, 3) The beam and the

- scaler were turned on at the same time and the target was

irfadiated. 4) When the beam was turned off, the irradiation time
was noted, as was thé final number of counts recorded by the
scaler. The digitél electrometer used (Keithley Model 615)

in conjuhctibn with the VFC (see Fig. 4-6) were accurate to
better than 2%.

Immediately after the bombardment, the target was taken
to the alpha detector system, and the current integrator was
calibrated by using a standard current source set to give a
current similiar to the output of fhe standard laboratory
Faradayicup T in the bombarding period. The degraded beam
energy was accurately measured by using the analyser box
shown in Fig. 4-3, in the following way.

Immediately' after obtaining the ‘information for the
calibration of the number of protons delivered to the target
by using the current integrator, l) the plug was inserted from
the &tandard laboratory Faraday cup T to a connector on the
beam collimator forming a new Faraday cup R-1 (see Fig. 4-3).
2) The T, V; camera was moved to observe the position of the

hJ
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Fig.4-6 Block disgram of proton charge measurement system
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tvser wheels. This arrancement allows a convenient and accurate

measurenent to be made of both the degraded beam energy anc 1Ts
energy soread by observation of the transmission as a function of the
aluminum absorber thickness. Interposing successively greater

thicknesses of aluminum in the beam evenitually stops a2ll transmigsion.

Leilal

Theory and experiment show that if a nearly monochrematic

team of orotons, with a Gaussiasn energy spread and fixed intensity
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are allowed to pass through guccessively greater thi
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absorber, such as aluminum, then a plot of transmitted bheszm vs. absorber

thickness yilelds a curve wnich is the integral of a Gaussian

distribution., therefore, if the transmitted current values sre properly”

neramalized and plotted on probability paver, a straight line will

result. The thickness of aluminum corresponding to a 350% <reansmission
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f the degraded beam. Two other points are
important as well. These are the thicknesses of aluminum corrssvonding

to 25% and 75% +transmission (T=25 and T=75), which represent The

the range of the degraded beam on the probablility paper
the beem and its FWHM are then determined from tThe

empirical tables of range-energy and stopping-power (43).
o e iy oL

e

As can be seen in Pig. 4-7 as an example, the actual

transmission as a function of range is not strictly the integral

of & Gaussilan distribution particularly in the region of less than
T=50 thickness. This happens because nucleon interactions have
produced a "soft" or low energy component to the beam passing

thrcocugn The aluminum which is removed before the range of the

remainder of the beam hazs been reached. The statistical ansliyvis
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which gives the Gaussian integral for the beam transmission

and which provides the basis for the range-energy relationship
ié based on the protdns undergoing only low energy transfer
collisions with the target's electrons. Almost all of the

beam which is transmitted through a thickness greater than

T=50 is formed of such protons. Consequently it is this part
of the transmission plot which would give the most accurate
determination of the energy of the beam entering the aluminum.
Under these conditions, however, the low intensity beam leaving
the aluminum is widely divefging. Therefore in this design care
was taken to place the final aluminuﬁ'absorber as close as
possible to the mouth of the Faraday cup. This allowed easy
and accurate measurements of the beam current at transmissions
as low as 0.1%.

4 Thus, information for both the number of protons delivered
to the target and the degraded beam energy could be completed
in less than 5 minutes after a bombardment.

IV-3 Particle Detector and Eleétronics

In this experimeﬁt; the alpha-particle detection‘and
analysis system is represented in Fig. 4-8., A silicon surface
barrier detector within an aluminum chamber produced pulses
which were fed into a system consisting of a preamplifier and
main amplifier; then the amplified pulses were fed into a
20 MHz TMC multichannel analyser system. The analyser output -
_ was recorded on magnetic tape for later analysis, or was

Al
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read out by a channel printer.
The conventional silicon surface barrier detector

used in this experiment is a large area diode consisting of an
extremely thin p-type layer on the sensitive face of a high
purity, n-type siliéon wafer, The two electrical contacts
to this diode are made(46): (a) to the p-type surface through
- a thin gold film approximately 40 microgram/cm2 thick, and
(b) through a non-rectifying metal contact to the n=-type
silicon on the back surface. In this experiment an Ortec
model A-~035-050-300 silicon surface 5arrier detector was used
for the detection of alpha-particles. The sensitive depth of
this particular detector is 300 microns, with a detectof bias
of 95 volts. The range vs. energy curve of Fig. 4-9 shows
that this is sufficient to stop alpha particles with energy
lower than 25 MeV, anq is therefore adequate for observiﬁg
any alpha activity produced. |

- The detector was enclosed in the cylindrical chamber
shown in Fig. 4~10. The chamber was connected to a mechanical
vacuum pump with two valves for vacuum isolation and air inlet, .
and to a vacuum gauge., The vacuum in the system could be
reduced to about 30 x 10™3 Torr within 30 seconds and 10 x 1073
Torr witﬁin.B minutes from atmospheric pressure. Within the
chamber a ring type of brass collimator (thickness = 0,127 mm,
inside diameter = 1.16 em, outside diameter = 2.0 cm ) was
designed specifically to define the solid -engle of - -
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Fig., 4-8 A block diagram of the alpha-

" particle detector and analyser system
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the detector, viewed by the radioactive source. This
collimator was.used only for measuring the decay rates of
the natural.alpha—active target. The arrangement of the
collimator with the non-bombarded farget sources is
included in Fig. 4-10.

A thin 241Am standa?d source was used to check the
system performance. The FWHM energy resolution with this
source was betier than 31 KeV on the 5.48 MeV alpha line.
Typical resohﬂﬁghs obtained with the thorium targets used
were of the order of 60 KeV FWHM for alpha-enérgies of
about 8 MeV. Using this source the amplifier gainé were set -
so0 that the energy range recorded and displayed by thé analyser
was 0 to 10 .MeV. As mentioned previously, all count rates
observed during the experiment‘Were:low enough to make

system dead-time losses insignificant.
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CHAPTER V

PERFCRMANCE AND RESULTS
V-1 Introduction | |

If the first, second, third, etc.; daughter nuclei

produced in a radioactive decay are themselves radioactive and
if their half-lives are much shorter than that of the parent,
the number of atoms of each of the'déughter products present is
proportional to the products's half-life. This situatiqn is

described by the term "secular equilibrium®.:

Suéh radioactive

decay series exist for the heavy elements uranium, thorium,
and neptunium; the stable end products of the series of the
series are lead and bismuth isotopes. Secular equilibrium can

also be attained when a radioactive substance is produced at

a steady rate by some a?tifibal method, such as a nuclear reaction
in a cyclotron or chain-reacting pile.! The condition for
secular equilibrium occurs in the case of the parent isotopes
227pa and 226pa in this experiment, produced by the 232Th(p,6n)22?Pa
and 232Th(p,7n)226Pa reactionslrespéctively.

The members of decay chains which start from 227Pa and

226ps nave already been observed and are described in Table 5-1.
The interrelation of the each of the,series can probably best.
be seen by reference to a nuclide chart of thé heavy region

such as that shown in Fig. 5-0.

In this experiment, the threshold energies of 35.50 MeV

for the 232Th(p,én)?27Pa reaction and 39.77 MeV for the

.; LI’LI’ _ Y



Table 5-1 (A) Collateral series data of 227pa

Energy of Percent of
Tvpe of main alpha- aloha-decay
Nuclide radiation Half-life radiation(MeV) (%)
227pa a(~859) 38.3%0.3 min* 6.465 50.7
K(el5%)% .23 | 11.8
. 6,415 Lk 15,2 K %%
] (401 e 9,6 | e
v 6.376 2.6
v . 6.356 8.0
223p¢ a(99%)* 2.24£0,1 min¥ 6.659%% 37.6
K(1%)* 6.648 L2,1
6_56 ekt 13,73 p s
6.52 3.8
" 6'14'7 3.2
213’Fr a(100%)*  0.02+0.002 sec* 7.30 98, Lyt
ZlfAt a(lOO%)* lO'asec, igg%* 8.00%%*% 3 EReYoR I LI
211pi (AcC) a(99.7%)* 2.16 min* 6,619% Bl s
6 . 28 et 18 N
207Tl(AcC") g L,?76 min % (Energy of 8~ radiation
is 1.47 MeV)*

data taken from:

# = W, W, Meinke, A. Ghiorso, and G. T. Seaborg,
Phys. ReV., 81 (1951) 782

#% = M, W. Hill, (1958), UCRL-8423 , (unpublished)

3%

*% = V, B, Subrahmanyam, (1963), UCRL-11082 , (unpublished)

®#k¥ = G, Graeffe, P. Kauranen, J. Inorg. Nucl. Chem., 28 (19866) 933
#d¥* = C, M. Lederer, J. M. Hollander, and I. Perlman,

"Table of Isotopes" sixth edition (1967),

John Wiley and Sons, Inc., New York
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Table 5-1 (B) Collateral series data of R26p,

Energy of Percont of
Type of main alpha- alpha-decsy
Nuclide radiation Half~1life radiation(MeV) (%)
226pg cr.(?ll%)}% 1.8£0.2 min** 6.863 52
K(26%) ‘ 6.823% LAp#
i ) 6.728 1
222Ac a($9§%) IL,2 seoikxxt 7.00%) & 93}%
& - K(22%) 6.957
2185y a(l100%) pred,
) _'5x10'38ec** 7.85 ‘ 93
7.555¢0% b} *
74525 ‘ 1
R1hpy a(100%)* pred. 2x10~6sec** 8,782% 99
210Bj (RaE) a(l.3x10=H%)wswes 5,0 days®¥ L.69 yipua 5Xlo—g} s
o
~

(99-45% ) sieseiew 7,69 ) 7%10”
: (Energy of main beta-
radiation is 1.17 MeV)

ZlOPo(RaF) a(100%)* 238 daysis 53¢ 30 5ie%E0E L OOt

Stabless

data taken from:

2,

ol

= J. D. McCoy, Soc. Sci. Fennica, Commentations Phyé.Math.,
30, No.4 (1964), "Alpha decay studies of Pa-230, Pz2-228, Pa-226
and their descendants".

#% = W, W. Meinke, A. Chiorso, and G. T. Seaborg,
Phys. Rev., 81:(1951) 782 :

¥%3¥% = " Nuclear Data" section B. vol.l, No.5, Nov. 1966
(editor: Katharine Way), Academic Press, New York

w#%% = P, A, Tove, Arkiv Pysik, 13 (1958) 549

#FX¥¥ = P, Kauranen, Ann. Acad. Sci. Femmicae, Ser. &4, VI,

vy

96 (1962) 1; Nucl, Sci. Abstr. 17, No. 2250 {1963)

wwkkd® = C, M, Lederer, J. M. Hollander, and I. Perlmen,
"Table of. Isotopes” sixth edition (1967) :
John Wiley and Sons, Inc., New York
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Fig. 5-0

‘Nuclide chart for a portion.of the'heavy region

(Data taken from "Chart of the nuclides"
by U. S. Atomic Energy Commission,
‘Division of Isotopes Development,.{(1970))
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232Th(p,7n)226Pa reaction are obtained from a set of nuclear-mass
relations and a resultant mass table given by Garvey et al (47).
Preliminary bombardments of thorium targets in hoth the

internal and external beam with energiecs ranaing from L5

O

to 65 MeV estnﬁliﬂhed that the distinctive alrha-rays of the
decay chaing of protactinium-227 and -226 could be observed,
and gave agreement with the half-lives and the percent of =zlpha-~
decays of the Table.
V=2 Performance and Data Reduction

To find any serious flaws in the design of the overall
instrumental systems, each component was immediately tested .after
completely setting up the irradiation and counting system for
runs.

Actual bombardments in the external beam were done for

two and seventeen minutes in the 232Th(p,7n) and 232Th(p,6n)
cases respectively. The irradiation periods depend on the
activities under observation, which have half-lives of
ébout 2 minutes for the (p,7n) reaction and 38 minutes for the
.(p,6n).

For accurate méasurements of the mean energy of tThe
degraded proton beam, thé aluminum absorbers in the beanm
analyser box were the same as those described by Chang(#).
The aluminum absofbers were cylindrical blocks with faces machined

parallel to within 0.0025'mm. Individual blocks were weighed

to an accuracy of 0.05%. The blocks were made of 99.8% nure
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aluminum, the impurities being mostly elements for which the
stopping power is very similiar to that of aluhinum. Using
a proton range-energy table'given by Williamson et al (45),
the ovérall accuracy of the proton range-energy relationship
on aluminum is estimated to contain .an error of less than
0.2 MeV for the energy, as measured by Chang (4).  The
reproducibility of the range transmission graph ensures that
the accuracy of the determinations of the mean energy and
energy spread has a deviation of less than %5 mg/cmz,
correspzndin& to an energy error of less than £0,05 MeV.
Consequently it is estimated that‘the absolute error of the
measureménts of both the mean external energy and spread are
less than id.25 MeV. This result seemed to be slightly better
than that of previous wbrk by Turcotte (3) and Chang (4).
Immediately after the bombardments, the alpha-radiation
was detected by the system pre&iously described, having a
total mean resolution of less than 47 KeV FWHM. The time
intervals between the end of ifradiation and ‘the start of
actual counting were 1.5 minutes for the 232(p;7n) reaction
and a maximum of 5 minutes for <the 232Th(p,6n) reaction.
The energies of the alpha-radiations produced were identified
using the energies of +the natural radioactive thorium decay chain
given in Appendix II, and those of a mixed standard alpha-
source consisting of 5.15 MeV in 239Pu, 5{48 MeV in 241Am and

24lcn, It was decided to choose the 8.00 MeV peak of the
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deuchter 21544, produced in the 227pPa decay chain following the

ede! . 5 . e
232 (v,8n) reasction, and the 7.85 MeV peak of the dsughter

>

2183y from the 220pg decay chain following the 232Th(p,7n)
reaction. These peaks stand out clearly in spectra, and have
strong relativ; intensities.

In equation (3-14), which was used in the.cross~seotion
calculations, the only quantities not directly measured in this
experiment were the decay constantsAhand an' and the bdbranching
ratios Z and 2°'. These are given in Table 5-1, and an example
of a calculation is given in Appendix IX.

In ﬁhe data reduction, two kinds of errors occur, systematic
or constant errors, and random errors. The constant errors ars

asscciated with the absolute branching ratios of 2' and 2,

the disintegration constants A and An, and the area &, The
systematic errors are associated with the time intervals. The

random errors are associated with the number of protons P, th

(®

dead time corrections of Y and Y', the number of recorded counts

2y

a2 O0f induced radioactivity, and the natural decay rate Q=(dN,/dt)gS.
No attempt was made to evaluate . the constant error in A, '

A4 2, Z' and S. Alsb the systematic errors due to measurements

of %, ty, and tz were nét evaluated, since these are insignificant

According to the pulse widths, and observed count rates, there

is essentially no dead time correction necessary. Tﬁe randonm

ETTOLrE of.Qz(dNn/dt)pS and Rgq are significamt, however; <the srror

-

O
A

5

in the natural decay rate Q=(dNn/dt)CS was of the order =29
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Most statistical errors due to the number of recorded counts

Ra ©F induced activity were given by about %2.5% for the

237

)

Th(p,6n) reaction and about *£10% or less for the 232Th(p,7n)
reaction.A As discussed by Kavanagh et al (2), the errors

of measurement in the number of protons P is due to the
efficiency of the standard Faraday cup in %hé collection of
vroton charge, and the errors arising from forward and hack-
scattering of the incident protons from the target; these were
checked to be insignificent by testing beam <transmission into
the cup with and without the target in nlace. The resultant
error of measurement of P is estimated +to be better thah:¢2% on
tThe average.

Using the law of propagation of errors, the resultan

ot

total random errors for the cross-section measurements in

most cases are given by about =4% for the 232Th(p,6n) reaction

and about x=12% for the 232Th(p,7n)%reaction.
V-3 Results and Discussion
A. Experimental Results

The cross-sections for the 23270 (p,6n)%27Pa and
232Th(p,7n)226Pa reactions measured at various protoﬁ energies
up to 102.00 MeV are presented in Tables 5-2 and 5-3 respectively,
and the excitation functions are plotted in Fig. 5-1l. These
excitation functions are similar in form to the many (p,xn)

cross-sections described in previous work (1,3,4,6,7,8,10).

The excitation function presented in Pig. 5-1 for the
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Table 5-2

Experimental 23%Th(p,6n) 227Pa cross-sections

Incident proton Energy soread of .
energy proton beam(FWHM) Cross-sections
(MeV) (MeV) (mb)
38.80 ' 1.060 3,02 = 0,48
40454 1.30 ' 9.28 = 0.5
42,72 . 1.30 24,66 = 1.46
L5,28 1.11 , 38.70 = 1.hk
17 Ly 1.28 B1.57 = 1.4
48,90 : 1.28 39.69 = 1.40
149,52 1,25 ' 35.79 £ 2.05
50.48 1.20 30.33 £ 1.04
51.70 1.20 26,07 = 0.72
53,60 1.41 22,82 = 1.56
56.15 1.30 14,96 = 0,57
€2. . 1,0% o 10.24 = 0,42
70, 1.0% 8,01 = 0,34
80. :: . | 1.0% 7,18 £ 0,27
90 X | 1, 0% 5,87 £ 0.25
102 - . l.0% 4,95 £ 0a.27

* estimated spread of proton beam (FWHM)
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Table 5-3

— . o 226 e
Experimental 23“Th(p,?n) OPa cross-sections

Tncident proton Energy svread of s

energy proton beam (FWHM) Crossfsectlons
(MeV) (MeV) (mb)
50.39 1.28 2.30 £ 0.73
51.68 1.25 : : 3.29 = 0.88
52.91 - 1.29 . 5,97 & 1,03
55.88 1.25 12,06 = 1.30
56.66 . 1.12 12,28 = 1.42
59.19 1.38 11.65 = 1.40
59.78 1.20 | 10.88 %= 1.12
62.51 1.19 . 7.40 = 0.86
61,90 1,00 | 6.74 £ 0.76
86,70 1.27 5.77 = 0,91
69.26 1.12 L.56 = 0,61
71.13 ’ 1.12 3.31 = 0.48
74,40 1.01 3.29 = 0.53
78.80 : 1.02 | 2.96 = 0.50
88.78 0.90 , 2,60 = 0.35

102,00 1.00 | 2,34 = 0,38




Figo 5""1

The measured excitation functions for the 232Th(p,6n)’

. 23 . .
and 2327n(p,7n) reactions.. (The dashed and dotted curves
are intended only to guide the eye, and are not comparisons

with theory.).

"*{*' '“%“‘—’%é"”—"232Th(p,6n) excitation function
%‘"”"”‘l"“““{‘""“’”%* 23291 (p,7n) excitation function
( Horizontal error bars represent the spread in beam energy.

Vertical error bars are from background subtraction

and counting statistices.)
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(v,6n) reaction shows a suprisingly sharp peak. The cross-—

s mtd I, . 3 - 227 Crram 232 ha o 4+ 3
section for the production of ~/Pa from T™h has a threshold
of 32.50 MeV and rises sharply to a maximum value of 43 mb

at 47 MeV. On the high energy side of the peak, above about
60 MeV, the curve becomes asymmetric with a tail extending

up to the maximum bombarding energy. A slight anomaly appears

at about 55 MeV, possibly due to a different reaction mode..

The excitation function presented in Fig. 5-1 for the 232(p,7n)'

reaction is similiar in form the 2327h(p,6én) case, fiSes

from a threshold of 37.77 MeV to a maximum value of 13 mb

at 57 MeV, ( about 10 MeV higher than the 232Th(p,6n) peak).

Again on the high enefgy side of +the peak another reaction mode

becomes aﬁparent at avout 65 MeV, superimposed on a long tail.
Presumably both tails correspond to events caused by

the promp%.emission of one or more neutrons followed by the

delayed emission of the remzining ones.,

B. Comparison with Other Experimental Results

Using the electrostatically deflected proton beam of

the 184-inch synchrocyclotron, Meinke et al (7) bombzrded stacked

foils of 5 mm thorium, with varying thicknesses of copper metal
‘sandwiched between the sixteen foils in each case. After
bombardment, the 0.4 gram of thorium were removed and dissolved
in concentrated nitric acid. The proton energy measurement in

this experiment was very crude because of the spread in the

(=0
3

initial energy of the incident particles and the straggling
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rat
o)

e stacked foils. Thelr experimental result for the

2

32Th(p,6n) reaction is included in Fig. 5-2 which zhows only
the low energy portion of +their measurement., The excitation
function rises to a maximum of 50 mb, which is slightly higher
thsn the present result, The main discrepancy between Meinke's
result and the present experiment is in the position of the peak-
‘at 80 MeV in Meinke's expevriment, compared to 47 MeV in onrs.
Lefort et al (6) and Brun and Simonoff (8) likewise
obtained absolute cross-sections for profon energies up to
155 MeV, which are also included in PFig. 5-2. Both experiments
were carried out using aluminum and carbon monitor foils,
chemical separation of the targets after bombardment, and alpha-

particle counting. The targets used in both experiments were

in most cases thicker tThan those used in the present experiment

ot

(about 200-300 ug/cm?). The excitation functions in both cases

-2 maximum between 13 and 15 mb at about 54 .MeV

H
ot
(0]
p]
(0]
0
0
o

a

‘g

pea
in disagreement with both the peak height and peak position of
the present experiment. There are a number of'possible sources
of error involved in the previous measurements, all of whiéh

may account for the .discrepancy with the present result. The
main difficulty is undoubtedly the large energy spread introduced
in a beam degraded to about 50 MeV from =z much higher incident
energy; this is inevitable in the earlier experiments involving

stacked foils. The earlier experiments also involved chemical

separation techniques, which were not required in the present



Fig. 5""2
Comparison of 232Th(p,6n)227pPa excitation function

with previous experimental results:

—0 . —0 — Meinke et al (7)
—eQ seerae Qecnes ee@ -~ Brun and Simonoff (8)

ettt A et e —am- LefOrTal et 2l (6)

Present result( The curve
_— C—_— .—- ig intended only to guide
the eve.)
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No attempt was made in the earlier experiments to

find the 232Th(p,7n) cross-sections (probably because of the
short life-time of 226pa), To our knowledge this is the Tirst
such measurement. |

Ce Theoretical Considerations

Equation (2-5) expresses the cross-section predicted

according to Jaékson's theory (10). A comparison with the
detailed Jackson model (10) is difficult unless the variation
of residual excitation energy in the case of each of the prompt
processes 1s known. The Jackson model (10) involves averaging
the term P(E*, x-i) over such a distribution. To be able to
find <P(E*, x-1)> we must kﬁow the probability that a collision
with an incident energy E, will leave the nucleus with an excitation
energy E¥%, If this is known, <P(E%*, x-1)> can be calculated.

The cross-—sec<tion could then be calculafed from
oin(pyxn)= 0,(Ey) § q(0,0)P(E*,x) + q(1,0)<P(E¥,x~1)> +..J (5-1)

‘ Jackson (10) suggests that a) above 60 MeV the theoretical
probability for compound nucleus formation q(0,0) is smaller

thag the probability for the ejection of one prompt neutron

a(1,0) and is of the same order as the probabilities for emission
of two prompt neutrons:q(z,o); b)vthe probability of a residual
excitation energy E¥ in the case of a prompt g(1,0) eveﬁt at

incident energies below 100 MeV is roughly proportional to E¥;
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¢) in the case of higher order prompt g(2,0) events, the
distribution is rectangular.

To include contributions from the 2nd, 3rd terms,
etc., in equation_(5—l) requires a more detailed knéwledge of
the probability of residual excitation E¥* with incident

nergy than is presently available,.to make a meaningful
comparison with theory. Therefore, in the present work we
have attempted only to fit the déta with fhe first term of

the series in equation (5-1), i.ec., as though the event involved
only delayed evaporation of 6 neutrons for the 2327h(p,6n)
reaction and 7 neutrons for 232Th(p,7n) reaction. In each of
the delayed cases, one is not concerned with an‘averaging over
residual excitation probability, since the excitation energy
of the target has a definite valﬁe. Thus the theoretical

cross~section formula carn be written as

Oth(p'xn) = Uc(EO) q(0,0) P(E%*,x) (5-2)

resulting in a combination of the Jackson (10) and Blatt and
Weisskopf (11) model. VIn equation (5-1), the P(E*,x) involves
Pearson's incomplete gamma function, given in equation (2-7)
which must be integrated by varts. Using equations (2-6) and
(2-7), P(E*,x) in equation (5-2) can then be written as

. a, a 2.
P(E*,x) = e-Bx+1 %l x+l/ar - eBx Ez(ﬂkz/azﬁ (5-3)T
0

- v s e S Bt e s B G Al e e PO P ek T e Gt G Gt e S D B POD e W S o D s i S G G et > G Tt " T - e A Seb ane B S B e S

+ This formula is quoted by Lefort et al (6); however there is
a mistake in. the signs of .the terms in their paper.

——--—-._-_——-———-——-——-—---ﬁ-—»———-‘—-—.—-——-———.——-——-—---——-————————————————-———-



where aq = 2x=1 and a, = 2x-3. Therefore, equation (5-2)

. e

becomes
(pyxn) = 6o (E {e=dxrl BL (AL fast
Cun(prxn) = 0.(E,) q(0,0)1e %+ % ( X_,’_l/alg
(5-4)

2
A

: a
- e~ %2QAX2/a22)}

In order to find the variation of the theoretical
cross-section with the nuclear temperature, 1) the reaction
cross-section 0,(Ey), for an incident proton of energy E, was
taken from Shapiro (14), and was calculated for values of Eg
up to 100 MeV., In this calculation the nuclear radius pérameter
ro used in the formula R = roAl/B was taken to 1.30 fm; ii) the
relative probability q(0,0) for the emission of no.prompt
neutrons and no protons was taken from Jackson (10); iii) a
ﬁrogram was written for the PDP~1l5 computer to calculate the
P(E*,x) values for the 232Th(p,6n) with a threshoid of 32.50 MeV
and for the 232Th(p,7n) with a threshold of 39.77 MeV. In order %o
find the best £it %o thé present experimental points, the
P(E*,x) values were computed for nuclear temperatures ranging
from 1.0 to 1.8 MeV; these appear in the expression[}..x =
(B¥* - %Bi)/T =(Eg - Eth)/Tj where Egy is the threshold energy
of a given reaction.

The results of the theoretical analysis using equation
(5-4) are presented in Fig. 5-3 ir the form of execitation

functions which are seen to vary with the nuclear temperature T,
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The shape of the curves thus obtainred is nearly
identical to the shape of the P(E*,x) curves themslves; in
this ranse 0,(E,) is rising slowly, while g(0,0) is decrecasing.
At The peak the thecretical cross~section is very much hirgher
than that measured experimentally. It is believed that *the

competition

(0]

f fission events with nuclear evaporation is the

s

mogt 13

Xely reason for this discrepancy. This will be discussed
in more detall later.
It is seen that the curve for T=l.l has its peak at

the same encrgy (47 MeV) as the experimental curve of the

N
')
O\
o
S
6]
l/J
¢]
’_.h

tation function. Fig. 5-4 shows the theoretical
curve for T = 1, 1 MeV normalized to the same peak height as

that of the experimental data. It is scen that the agreement

e

in the shape is excellent up to a proton energy of 52 MeV

{0
)
i

ebove wh the experimental points exhivit the expected higher

energy +tail. The position of the peak is guite sensitive to

ot

he choice of nuclear temperature T, A change of 0.1 MeV in

nuclear temperature shifts the peak position by roughly 1 MeV,
Similiar calculations have been performed for the

2 . o s s e
23~Th(p,7n) reaction., In this case the variatlon of tTheorew

I-h
Q
W
'._l

cross-section with nuclear Temperature is also represented
in Pig. 5-3. The nuclear temperature which corresponds fto the
expérimental peak cross-section is 1.3 MeV in the curve of
best £it shown in Pig. 5-4. This curve which, as in the (p,6n)

case overestimates-the measured cross-section, has teen
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Pig. 5=3
Variation of theoretical excitation function
with nuclear temperature according to
equation (5-4);

Theoretical 232Th(p,6n) cross-sections;

T =1,0 MeV * — . —_—
T = 1l.l MeV et e eee e
T = 1.2 MeV oo

Theoretical 232Th(p,?n) cross-sections;

T - 1.2 Mev ceee cene
T = 103 MeV =
T = l.Llf MEV =——eretcrmmmmmcocs s ommm
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Pig. 5-4
Theoretica1v232Th(p,6n)Acrbss-section normalized
to the same peak height as the experimental points.
(Nuclear temperature T = 1.1 MeV,

Normalization factor = 5.7 x 10_2)
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_ Fig. 5-5
Theoretical 232Th(p,7n) cross-section normalized
to the same peak height as the experimental points.
( Nuclear temperature T = 1.3 MeV

Normalization factor = 3,06 x 10_2)
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for 232Th

normalized to the same peak hight as the experimental zoints.
Tn this case, the shape agreement is excellent up to an energy
of &5 MeV, above which the experimental vpoints again show the

expected high energy tail.

=1

The values of T = 1.1 MeV for 232Th(p,6n), and 1.3 MeV

1{p,7n) are lower than those obtained in experiment

S

carried out in previous (p,xn) reactions in this mass reglon,

>Ral

W

nd are low compare

o3

to previous theoretical estimates. In

Nl o
the work of Rell,.Skarsgard and Jackson (1, 10) on 200p%p, 207pvp,

. 2 . . - . . - .
and ~O9Bl, the temperature used to fit the data was 1.8 MeV.

CL

Lefort et al (6) used a temperature T = 1.9 MeV to fit their
. 239 Z ? 9
results for “Th(pv,6n). These values agreed re'sonably well
with the <theoretical estimates of 3Blatt and Weisskopf (11),
vhich were based on the Fermi gas mocdel of heavy nucleils

&

according to this model the nuclear temperatures T and excitation
E* should be represented by E¥ = gfz where 2 is a constant related
t¢ the nuclear level density. According to Blatt and Weisskop®
(11), the value of z, for a nucleus with A=231 was quoted *%
te roughly 12 Mev~Ll, This figure was extracted from data
availeble at that time from the known levels of odd-A nuclel

in the neighbourhood’ of 1 MeV, With this estimate of a, the
expected value of T for an excitation energy of about 50 MeV
would be 2 MeV, which makes the values used by Lefort et al (&)
and Jackson (10) quite plausible.

These values of T are not, howevery consistent with
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estimates made by Turcotte (3) of nuclear tempersiures in a

"mirm Y -~ FORS CR TR I —~ 2 N . o 1?71— N .1..1-

numder oI (p,Xn) studies done on the target I. Turcotte (3)
itted (p,3m), (p,6n), and (p,7n) datas with s nuclear tempsratures
of 1.535 MeV, and (p,8n) with a temperature of 1.85 MeV. In one
case (p,5n), the value T = 1,20 MeV was used. Since, in

Blatt and Weisskonf's derivation {(11) the constant a ic

related to the level density W(E) by tho relation

Vi(E)

i

C exp(2Ja &%) (5-5),

a. lower nuclear temperature should imply a hig

T & e y
gher value of =z,

which in furn suggests that in 127I the level density should be

®
V3

r

s i . 2 5 . . o
nigher than in 23~Th and 208Bi, This seems unressonable. I%

would te more consistent to conclude that the earlier experiments

of temperature quoted in the present experiment are consistent
with those of Turcotte (3), for the lighter target nucleus

1271, (The possible sources of error in the earlier measurementis
have already been discussed.)
Many authors have discussed possible modifications of

the Blatt and Weilsskopf (1il) treatment, “For example +the nucleus
may be consideread to “cobl off" during the evaporaticn process

LL8) so that the effective temperature ls lower than the value
estimated from T = (E¥/2)”. Brun and Simonoff (8) used =
calculation based on woxk by T

temperature is cstimated not from the initizl excitation,



hut From s mean value calculated along the evaporation chaine.
ia therefore not reasonazhle to consider the nuclezr temner
as o reaction constant - nevertheless this ovarameter should

vrovide 2 useful comparison of level densities in different

It

nuclei, with comparable initial excitations.

Blatt and Weisskopf (11) mention that the values of

O
Y
3

o,
0

"-JO
o
®
N}
o
©

then available., and should be considered only a rough guide
o L]

to the general features of level densities. If their values

vtion (5-5) were adjusted to fit the level data

o]

tu

C = 0.005 MeV™Ll and a = 12 MeV~™L are used, equation (5-5) gives

€

W

level density of 5.5 MeV™L for A=231 in the neighbourhood

of 1 MeV excitation. The isotope table of Lederer et al (50)

- - . 2 -
shows 10 levels below 0.5 MeV in ZBJPa,_andka glance at other

odd A nuclei in this region shows level densities close to 20

-
eV™ =, This again suggests a valuve of a
<K > —

unreasonable to conclude that such revisions in the earlier
estimates of level densities, and more realigtic evaporation
calculations could yield values of T which are consistent
with the measurement in The present experiment.
D. Competition of Neutron Evaporation with Fission

The discrepancy between the shapne of the theoretic
cuvrves and the position of the experimental points is not
surprising -since the contridbution of prompt neutron emission

hzs been neglected. Although the shavpe of the ¢(l1,0) and

—67 -
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,/-kh

q(240) curves (Fig. 1 in ref. 10) suggests that inclusion

of these prompt evempts would add a high-~energy tail to the
theoretical curves, it should not appreciably add to their

peak height. The very large discrepancy between the peak
height of the experimental and theoretical excitation functions
suggests that some competing process has been ignored; the fact

that the theoretical curves can be normalized to fit the

.experimental ones suggests that the excitation function for

the competing process has the same shape as that of neutron
emission. S . v -
A number of éar;ier papers (6,8,51, 52; 53,54) havé
discussed the relative.probabi%ities of neutron emission,
and induced fisslon in the heg;y élements. Based on many
cross-section measurements for both fission inducing reactions,
and others involving neutron cascades, data have been compiled
on estimates of rﬁ/f}, the ratio of the relative widths .of
neutron decay to fission. Lefort et al (6) present a partial
list of (E;/E;) ratios suitable for atomic masses ranging
from 226 to 238. Fig: 5-6 of their paper shows a plot of
log(E;/EE)'vs. A for many data points. It is apparent that the data
are well fitted by a set of essentiélly parallel straight lines,

one for each Z value. An empirical relationship , then,

which should represent ([7/[F) values, is therefore

(MW7) = c(z) exp(xA) (5-6)
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Fujimoto and Yamaguchi (51) have ecgtimated the

o3

ased on the Fermi-gas model of the nucleus. The fission width

ct

estimate is

r}(E) x T/2m exp(-Ep/T) (5-7)

where E is the excitation energy, Ep is the fission threchold,

s

T (the nuclear temperature) is assumed to be proportional

jol)

an

to the square root of the excitation energy. The neutron

je

width, using the same model is
- 2 - 2 =
r;,_(h) =~ 1/2m (““'/3/.«.')‘11 exp(~B,/T) (5-8)

e 2 . . n » Qe
where XK' = ﬁ“/Zmro ~ 1C MeV, and B, 1s the neutron bindin

<
L1

energy, The ratio of widths is therefore

/= 742/3/10 expfEr2y)/3) (5=9)

, Ep = %4.59 MeV and By, = 6.70 MeV.(54).

I

Neglecting the abrupt jump in binding energy between neighbtourin

odd-0dd and odd-even isotopes, the value of Epy incre

[§)
u
M
<l
w

as
rate of about 0,12 MeV per nucleon, while B, decreases by aboutl

0.13 MeV per nucleon,. Tguation (5-9). therefore predicts

o

thet the plot of 1n(r;/r%) ve., A sho

" . eyt Al P
1d bhe linear, with =z



slope of 0.25/T, which, for low nuclear temperatures, is in
falrly good agreement with the'slope of 0¢335 of the daﬁa

compiled by Lefort et al .(A) and Lindner and Turkevich (53).

It therefore seems reasonable to use équation (5-6) to

compute values of r;/(}'along the neutron decay chain. 1In

the calculation which follows, +the value of k is assumed to

be 0.335, consistent with the earlier experiments, and C is
selected to give reasonable agreement to the normalization constant
of 5.7 x 1072 found in our experiment. The logarithmic form

of equation (5-6) is

(/%) =1n C + 0.335 4 - (5-10)

The value of 1InC = 77.62 is found to be consistent with the
normalization constant in the 232Th(p,6n) reaction. This
calculation is.shmw1jn Table 5-4. The first coluﬁn lists
the values of A for Pa isotopes along the decay chain, and
the second column gives the value of F%/r} for each value of
A. In each step of the decay process the neutron width: <total
width réfios will be ~F%AFB+F%), which is shown in column 3.
The cumulative‘pnoductk']T§=l, which represents the overall
neutron width: total width, in the evaporation of x neutrons;is
shown in column 4. The last column should represent the
normalization constants required in 2327h(p,xn) measurements
to account for fission competition. The figure of 0,020 for
the (p,7n) case agrees reaéonabiy well with the measured value
3
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Figo 5"6.

r;/f% as a function of A for fissionable nuclides

This figure is a reproduétion of Fig. 5 in Lindner and .
Turkevich (53). The dashed and dotted line shows the
(E;/ﬁ;) values presented in Table 5-4, calculated from <the

estimates of fission competition in the present work.

Lindner and Turkevich (53)

—— . —— —— Present work
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CHAPTER VI
SUMMARY AND CONCLUSIONS

An experimental technique for the determination of
absolute (p,xn) cross-sections on the natural alpha-emitter
thorium=232 has been devéloped, which eliminates many of the
experimental difficulties encountered in earlier work. It
is not necessary with the present method to use staéked-foil
techniques, nor is it necessary to perform chemical separations
on the bombarded target. The method may be adaptable té
measurements on other naturally alpha-active targets (e.go.
lutetium, radium, actinium, protactinium and uranium). In
the present measurement, which uses a very thih thorium target,
traversed only once by an :external proton beam, the energy
spread is less than 2% FWHM. With the counting technique used,
the 232Th(p,6n)227Pa cross~-sections were measured to within
about 4%, and the 232Th(p,7n)226Pa'cross-sections to within
about 12%;: This is the first such measurement on the latter
reacticn,

The excitation functions for toth reactions show the
characteristic shape expected for compound nucleus formation,
and the high~energy tzil due, presumably, to the prompt emission
of one or more neutrons, followed by neutron evaporation. The
2320h(p,6n) reaction has been measured in earlier experiments
(6,7,8). The present experimental curves do not agree with

the previous measurements, giving lower energies of the peak,
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narrower peak widths, and different cross-sections. The
earlier results are suspect, mainly because of the inevitable
energy spread introduqed in an internal beam technigue using
stacked foils.

The excitation functions have been analysed on the basis
of a first approximation to the Jackson model (10) of neutron
evaporation, in which we assume that the prominent peak is
due mainly to delayed evaporation. A number of theoretical
excitation functions were computed using different nuclear
temperatures. In the 232Th(p,6n)227Pa reaction a temperature
of 1.1 MeV was selected to place the peak of the function at
the position‘of the experimental peak, and the resulting curve
{normalized +to the same peak height as the experimental points)
gave excellent shape agreement to the data. In the 232Th(p,7n)22@h
reaction, a temperature of 1.3 MeV likewise predicts a theoretical
curve which, when normalized, also gives excellent agreement
to the shape of the experimental points. These temperatures
do not agree with the higher values reported in previous work
on similar heavy nuclei (1,6,7,8), but they are consistent
with the results of more recent work on 127I (3). It is believed
that the earlier estimates of level densities may be inaccurate,
accounting in part for the discrepancy; also, the theoretical
trea%ment of evaporation may well have to be modified to-

account for the "cooling' of the nucleus in the evaporation

process.
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The theoretical excitation functions fof thorium are
an order'pf magnitude higher than the experimental ones. It
is shown that this is consistent with estimates of fission
competition, and that values of the ([%/[%) ratios estimated

in the present work agree well with earlier estimates (53).
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APPENDIX I
SAMPLE CROSS-SECTION CALCULATION

As a example.'this calculation is for the absolute
232 (p,6n) reaction cross—secfion using a proton beam of
energy 47.44 MéV., Since secular equilibrium occurs, an alpha-
ray of 8.00 MeV in the daughter nuclide 215At was observed
instead of direct emission from the parent nuclide 227pa.
The parameters required in the equation (3-14) are given by:
a)e. Parameters which are not considered to contribute to

statistical error:

\

t = 15 minutes = An= 9.413X10’17per min.
t1= 18 minutes A= l;809x10_2 per min.
tz= 58 minutes ‘ Y'= 100 %
S = 1.507 cm? Y = 100 %

Z'=100% (normalized absolute value)
Z = 84,15% (normalized absolute value)

b). Parameters subject to random error:

Ry = (2974£69) counts

P = (1.042:1:0.017)x1013 protons

Q@ = (1.894%0,.,035) counts per min.

(*= the error was obtained by averaging the counts of the

“gcaler, fed by a standard pico-ampere source)
Thus, the cross section is given the following calculation,
where the random error is calculated as the R.M.S.- value of"

s

the individual contributions.

- 76 -



StAA, Y Z' R,

PQyY.2 (1~ eflt) eAt (e'kfl - e—=At2)

1.057 x 15 x 1.809 x 1072 x 9.413 x 10717

1.042 x 1043 x 1.894 x 100 x 84.15

_ 100
X . 2
(1 - exp(~1.809 x 1072 x 15))
. 100
X P
exp(1.809 x 107° x 15)
2974
<

{-exp(-1.809x107%x 18) - exp(-1.809x1072x58) )

(41.57 %= 1.41) x 1027 cm?
(41.57 + 1.41) md.

i
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APPENDIX II | |
NATURAL ALPHA-EMISSIONS OF THORIUM

The natural thorium of the targets include lines from

232pp, 230y, 228

and Th. These isotopes occur in natural thorium
in the ratios 232rn3232pn:228m, = 1010: 5x10%:1.

In fhe present work, the half-life of thorium-232
and the natural thorium alpha-energy sfandards for energy

calibrations were taken from Table AII-1l and AII-2 respectively.

Table AII-1 Half-life data for thorium-232 (70 D)%

¢

Half-1life .. reference®
l.45 x 1010 years 56M
1.39 x lO10 years 56P°
1.42 x 1079 years 568
1l.41 x 1010 years 60F
1.401x 1019 years 63L

Value adopted in thls work = 1.40 x 1010 years
Unweighted average = 1.414 x 1010 years (70D)%*

Weighted average value = 1.404 x 1010 years (70D)*

——_———.————-_———.——_—_...————_—————.—.——_—.——.—_—_—_.._——--..——.——————————
- s G D Pt e D Gt e S S St S s St G G Gy e G o e e G G T W Y m D GV ST B G e WS o B iy Gy P o WP T S S S a8 G S S D M P Geh G = G =

¥ = reference:

56M = R. L. Macklin, H. S. Pomerance, J. Nucl. Energy, 2 (1956) 243
56P = E. Piccotto, S. Wilgain, Nuovo Cimento, & (1956)>l525

368 = F, E. Senftle, T. A; Farley, N. Lazar, Phys. Rev., 104 (1956)1629

60F = P, A. Farley, Can. Jour. Phys., 38 (1960) 1059
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70D

L. J. LeRoux, L. E. Flendenin, Natl. Conf. Nucl. Energy,
Application of Isotoves and Radiation, Pretoria, South
Africa, F. L. Warren, Ed., Aﬁomic Energy Board, Pelindabe,
South Africa, p. 83 (1963)

"Nuclear Data Table" editor: XKatharin Way, Section A,

Vol. 8, No.l1l-2, (1970), page 153, Academic Press, New York

Table ATII-2 Alpha-energy standards in thorium

Sourc

Paren
soure

2327h
oxr
228Th

3

~= re

53A =

élpha-energy

e half-1life (MeV) % branching references
1.40 x 1010y 4,011 77 - 57H
L, 6175 20 671,

% Half- alpha- alpha- % branching .
e life emittor energy(MeV) from parent reference
1.40x1010y 2287p 5,427 71 534

5,344 28 573
1.910 y
22kRa 5,684 9k 62B
21283 6.0506 25 61R
| 6.0890 10 60R
. 220Rn . 6,288 100 62B
216po 6.777 100 62B
21l2po 8.7854 64 61R
ference:
F. Asaro, S. G. Stephenes, Jr., and I. Periman,

Phys. ReV., .92 (1953) 1495
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B, G. Harvey, H. G. Jzckson, T. A. Eastwood, and

G. C. Hanna, Can. Jour. Phys., 35 (1957) 258

Aldbrech Rytwn, Helv., Phys. Acta, 34 (1961) 960

Geneviédve Bastin-Scoffier,‘Compt. rend., 254 (1962) 3854
C. M, Lederer, J. M. Hollander, ahd I. Perlmén,

“Table of Isotopes" sixth edition, (1967)‘

John Wiley and SQnsL Inc., New York

- Fo S, Stephens, Jr., F. Asaro, and I. Perlman,

Phys. Rev., 102'(1957) 1091
Albrech Rytz, Compt. rend., 250 (1960) 3156
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