
PHOTONUCLEAR STUDIES 
OF 241AM  

BETWEEN 5 AND 10 MeV 

S. J. Watson 

Thesis submitted for the degree of Doctor of Philosophy 

University of Edinburgh 

1990 



Ars longa vita brevis 



Abstract 

The 241Ain photofission and photoneutron cross section, the mean number 

of prompt neutrons per fission V and the delayed neutron yield have been 

measured between 5 and 10 MeV. The photofission cross section has been 

measured over a wider range and with better resolution than any previous 

data. The photoneutron cross section, V and the delayed neutron yield had 

not been measured before. 

The experiment was performed using bremsstrahhmg radiation pro-

duced by the 136 MeV Harwell electron linac HELlOS. Fission neutrons 

and photoneutrons from the 241Ain target were detected by an oil-moderated 

tank containing fifty-six '°BF3  proportional counters arranged in five con-

centric rings. For each run, the events associated with each beam burst were 

recorded as a multiplicity distribution. The end-point energy was cycled 

between two neighbouring energy points during the run to give difference 

yields in order to minimise the effects of energy drifting. 

The data were corrected, fitted and bremsstrahlung unfolded to give 

both the photofission and photoneutron cross sections as well as V and an 

upper limit for the delayed neutron yield. The results were then compared 

with other data. 

Calculations were performed to see if any resonances might be present 

close to the fission threshold. Some calculated structure was indicated at 

6.0 MeV. A suggestion of a change in slope in the experimental data was 

observed at this energy but there is no evidence for any other structure 

because of the statistical scatter of the data. Cross sections were also 

calculated for the other actinides studied experimentally at Harwell, namely 

232Th and 238U. 
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Chapter 1 

Introduction 

1.1 A Brief History of Fission 

Since the discovery of fission in the 1930's, many questions about the 

behaviour of the nucleonic system remain unanswered. Due to the many-

bodied nature of the nucleus, one can only make an approximation to 

the systematics of a nucleus torn into two, governed by the competing 

electromagnetic and strong interactions. 

1.1.1 The Liquid Drop Model 

One of the first attempts to begin explaining the radical behaviour of fission 

was made by Meitner and Frisch [Meit 391 in 1939. They proposed that 

the nucleus be thought of in terms of a drop of liquid: just as an unstable 

drop of water can fragment into two or more droplets,' so a drop of unstable 

"nuclear fluid" might split or fission into two or more fragments. This idea 

was taken up by Bohr and Wheeler [Bohr 391 who studied it in great detail. 

The liquid drop model (henceforth referred to as the LDM) describes the 

potential energy associated with the deformation of the nuclear fluid due to 

the competition between "surface tension" and Coulomb effects. By studying 

'Indeed, as long ago as 1878, Lord Rayleigh [Rayl 781 showed that a long homogeneous 

liquid jet, confined by surface tension, is unstable with respect to droplet formation. 

11 



CHAPTER 1. INTRODUCTION 	 12 

different drop shapes described by a series of Legendre polynomials, 

R(0) = 	[1+/3P (Cos O)] 	 (1) 

(2. being a volume normalisation term.) 

one should be able to investigate the potential energy paths to fission 

and hopefully gain insight into fission barrier parameters (eg. height and 

curvature). In practice, only the terms involving n = 2 and n = 4 are 

considered, higher terms being neglected. 

Liquid drop deformations have been studied in great detail for fissility 

parameters, 
EGo  ulomb 

=- 0.7-0.8 	 (2) 

where a value of X> 1 indicates instability for a spherical liquid drop. 

Fig. 1.1 (adapted from Bjørnholm and Lynn [Bjor 801) shows the potential 

energy contour surface for two of the most important deformation param-

eters, 132 and /34. The path to fission is shown with the highest barrier 

point or saddle denoted "S". The figure below (Fig. 1.2) shows the associated 

potential energy along the path to fission as a function of elongation of the 

nucleus. Myers and Swiatecki [Myer 691 and Myers [Myer 77] produced a 

very comprehensive description of nuclear properties within the framework 

of the LDM. 

1.1.2 Influence of the Shell Model 

However, problems with this simple formalism started to become apparent: 

the discovery of fissioning isomers - excited states of nuclei which stay 

in these excited states for a very long time compared with the nuclear 

transition time before fissioning (Polikanov et al. [Poli 621 and Flerov and 

Polikanov [Fler 64]); the observation of intermediate structure in the fission 

cross-section; and the inexplicable tendency to asymmetric fission for the 

actinides - all deformations of the LDM suggest that fission should be 

symmetric. 
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n 

Figure 1.1: Potential energy contours as a function of quadrupole(/32) and 

hexadecapole(134) deformations. 

Figure 1.2: Potential energy of the nucleus as a function of deformation. 
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The next great advance to help explain these so-called anomalies came 

from Strutinsky [Stru 67] with the shell correction method. Just as atomic 

orbital shells are present in atoms due to the quantum mechanical effect of 

electrons under the influence of a central force so, he proposed, nucleons are 

bound in shells in the nucleus though the central force approximation here 

is much less accurate. Strutinsky suggested that the shell non-uniformities 

do not "wash out" in deformed nuclei, but play a major part in determining 

the path to fission. He proposed a correction of the form, 

6U(N, /3) = U(f3) - (J(/3) 	 (3) 

for N nucleons where U is the sum over v of the single particle energies E 

for a given deformation, f3, of the average potential, 

	

U 
E  
	2E,,(/3) 	 (4) 

and the term subtracted off to correct for the difficulty of ensuring self-

consistency of bulk nucleon distribution over a large range of deformations, 

is Uof the form, 

U=2fE'(EI3)dE 	 (5) 

where (E, /3) is the corrected, smoothed shell-density function and X is the 

Fermi energy. This shell correction potential has an undulating form as in 

Fig. 1.3, which when superimposed on the LDM potential gives a barrier of 

the form shown in Fig. 1.4. As a minimum occurs for the shell correction at 

approximately the saddle point of the LDM potential, the saddle is split into 

two and a second well is created giving rise to the so-called double-humped 

fission barrier. 

This immediately gave an answer to the question of fissioning isomers 

in the form of excited states lodged in the second well. These are relatively 

stable to decay to the inner well due to the existence of the first hump 

but can tunnel through the second hump as a form of delayed fission. 

Furthermore, the position of the inner well in deformation space for heavy 

elements suggests that the nuclide is in a ground state with a permanently 
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Figure 1.3: Shell correction potential. 

Figure 1.4: Sum of LDM potential and shell correction potential. 
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deformed shape which explains both the rotational energy levels seen in the 

even-even nuclei and the splitting of the Giant Dipole Resonance, or GDR, 

into two humps (see Fig. 1.5). Goidhaber and Teller [Gold 481 proposed that 

the GDR arises from the collective motion of neutron and proton "fluids" 

with respect to one another, under the influence of a restoring force, giving 

rise to an electric dipole moment. However, for a deformed nucleus, this 

collective oscillation can occur along the major or minor axis with different 

characteristic frequencies, hence the split shown in Fig. 1.5. The double 

hump also explains the existence of intermediate structure seen in fission 

cross-sections by suggesting coupling between states in the first and second 

wells. 

1.1.3 Symmetric and Asymmetric Deformations 

However, calculations allowing only symmetric deformations consistently 

over-estimate the heights of the fission barriers. But in 1969, Pashkevich 

[Pash 691 investigated axially asymmetric deformations. Work done by 

him and Larsson et al. [Lars 72], Schuitheiss and Schuitheiss [Schu 711 

and Larsson and Leander [Lars 74] suggested that the inner barrier was 

y deformed and allowing axial asymmetry at the inner barrier lowered the 

barrier height and gave a value more consistent with experiment. 

Work done by Möller and Nilsson [Moll 701 and by Möller [Moll 721 

suggested that the outer barrier is unstable with respect to reflection or 

mass asymmetry, which went some way towards explaining the asymmetric 

fission seen in many nuclei. 

Furthermore, the inclusion of asymmetric deformations suggested a 

third shallow well in certain actinides, notably thorium, explaining the 

weakly damped sub-barrier resonances in the fission probability (observed 

by Back et al. [Back 72]) which could not be explained by just two deep 

wells. This was studied by such groups as Bellia et al. [Bell 79, Bell 821, 

Blons et al. [Blon 861, Caruana et al. [Cairn. 771, Lancman [Lanc 841 and 

Zhang [Zhan 84, Zhan 86]. 
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The fission of nuclides with an even number of protons Z and neutrons 

N has been studied in much detail, particularly 232Th and 238U. Recent 

experiments at Harwell have been conducted studying these nuclides by 

Findlay et al. [Find 86, Find 871 however, there is much less information on 

the behaviour of Z-odd, N-even actinide nuclides such as 237  N and 241• 

1.2 Rationale Behind Photon-Induced Fission 

1.2.1 A Comparison of Various Fission Inducing Reac-

tions 

Fission can be induced by basically two methods: particle induced fission 

e.g. (p. f), (n,  f) or photon induced fission in the form of virtual photons (elec-

trofission) or, as used in the present experiment, real photons (photofission). 

Particle induced fission allows one to measure parameters at a specific inci-

dent particle energy for a wide energy range with high resolution. However, 

results are more difficult to interpret due to the varied spins of the parti-

cles involved. Fig. 1.6 shows the relative intensities of the fission channel 

multipoles excited by different probes showing quite clearly the selectivity 

of the photon. Furthermore, if one wanted to study fission of 241A.in by neu-

tron induced fission one would have to start with a target of 240Am which 

has a half-life of 50.8 hours. Clearly, this is not feasible. Also, neutron 

induced fission only allows one to study the fission barrier above the neu-

tron emission threshold. Using charged particle induced fission on a long 

lived nuclide (such as employed by Back et al. [Back 74b]) which results in 

241An fission has inherent problems with competing reactions and charged 

particle break-up. Photofission avoids these problems. 

Photofission can give results which are easier to interpret because, dipole 

(El) fission predominates (as the wavelength of the incoming radiation is 

large compared with the radius of the nucleus 2)  (In some circumstances 

2e.g. a 7MeV photon has a wavelength of 177 fm whereas the radius of 21'Am is 7.8 fm. 
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quadrupole (E2) fission has to be considered). However, a high intensity 

monoenergetic 7-ray source is difficult to find. 

1.2.2 Producing 'y-rays for Use in Photonuclear Studies 

Photonuclear experiments are done using 7-rays from various sources 

including: 

Neutron capture 7-rays This method is used in fine resolution work due 

to the narrow width of the /-rays produced in the (n, y) reaction. A 

number of targets need to be used to produce a range of 7-rays as each 

target produces a discrete range of photons, the relative intensities of 

which need to be known in order to unfold the results. Although this 

method is useful for identifying tightly bunched levels in the first well 

of the fission barrier, care must be exercised when comparing results 

with broader resolution results as the (n, 7) photons may be on or off 

resonance whereas broader resolution 7-rays average over a number 

of resonances. 

Proton capture 7-rays A variation of the above using the (p, 7) reaction 

producing a different range of 7-rays. 

ee 7-rays This is an intermediate resolution technique using annihilation 

7-rays and has the advantage of being infinitely adjustable. Positrons 

are produced by bombarding a converter target with electrons. These 

can then be accelerated before being analysed using a magnet spec-

trometer and collimated onto a low-Z target such as Be producing 

quasi-chromatic annihilation photons. The technique is limited by the 

resolution of the positrons, the thickness of the annihilation target 

and the presence of bremsstrahlung produced when the positrons are 

slowed down in the annihilation target. 

Bremsstrahlung 7-rays The method most often used and the one used 

in this experiment to perform photonuclear experiments, due to its 
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high intensity and infinite energy adjustability is bremsstrahlung 

production. This method is achieved by bombarding a high Z target 

(the intensity of y-rays is proportional to Z2/A) with energy analysed 

and collimated electrons from an accelerator. The electrons are slowed 

down or stopped in the radiator target producing a spectrum of y-rays 

with energies up to the energy of the incident electron beam. This 

technique is used for broad resolution work as the spectrum of y-rays 

averages over many levels and it allows the study of broad resonances 

caused by levels in the second well of the fission barrier. The main 

drawback of this method is the need to unfold the continuum of y-rays 

from the resultant yields in order to obtain the cross section as a 

function of monochromatic energy. One way of getting round this at 

the expense of the beam intensity, is to "tag" the photons. That is to 

say, the electrons which have passed through the radiator are energy 

analysed using a spectrometer and detected in coincidence with the 

photonuclear events. The energy k of the photon for an event is then 

simply given by: 

k Ee Ee' 
	

(6) 

where Ee  is the energy of the electrons incident on the radiator and 

Ee' is the energy of the electron detected in coincidence with the 

photonuclear event. 

Laser backscattered photons This involves the Compton scattering of a 

laser beam of relatively low energy photons by high energy electrons to 

give quite high energy photons. The advantage of this method is that 

it produces, with suitable collimation, a very high resolution photon 

beam uncontaminated with bremsstrahlung, although of a much lower 

energy than the electrons. 
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1.2.3 The Channel Theory of Fission 

It is the selectivity in multipole components from photon induced reactions 

which is so useful in understanding fission. Bohr [Bohr 56] proposed, in 

1956, his channel theory of fission. That is to say, fission takes place 

via a number of discrete states or channels. Furthermore, he stated that 

these states resembled those of a thermodynamically "cold" nucleus near 

its ground state as most of the excitation energy is tied up as deformation 

energy. Hence, if one can select just one or two of these low-lying states, 

one should be able to deduce information about the shape of the fission 

barrier for these channels. It is with this thought in mind that the current 

experiment and others like it have been undertaken. 

1.3 The Layout of this Thesis 

Chapter 2 details the experimental set-up used to collect the data. The 

analysis of the data to produce the final cross sections etc. is detailed in 

Chapter 3. The cross sections are presented and analysed in the next chapter 

and Chapter 5 presents the theory of fission cross sections along with fits 

to the present data plus two other actinides. Finally, Chapter 6 details the 

conclusions and discussions for further work. The actual numbers used to 

produce the graphs in the Results chapter are given in Appendix A. 
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Figure 1.5: Split in the GDR for the deformed nucleus 238U [Berm 751. 
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Figure 1.6: The relative intensities of compound nuclear angular momenta 

excited by various reactions [Zhuc 781. 



Chapter 2 

Experimental Method 

2.1 The Purpose of the Experiment 

The purpose of the experiment was to measure simultaneously the photofis-

sion cross section, ayj, the photoneutron cross section, o, and the mean 

number of neutrons per fission, V. 

2.2 A Résumé of the Experiment 

The experiment was performed by accelerating electrons using a linac. 

The electrons have a known energy determined by bending magnets and 

are focussed onto a bremsstrahlung target which was in this case gold. 

The electrons are finally slowed down or stopped producing a continuum 

of y-rays. These are then collimated onto the 241Ani target. The target 

is mounted inside an efficient neutron detector which detects the number 

of neutrons associated with each beam pulse from the linac. Above the 

(y, n) threshold, both fission neutrons and photoneutrons will be produced. 

However, by fitting a theoretical fission neutron multiplicity distribution 

to events of two or more neutrons --- data was taken below the (y,  2n) 

threshold --- the number of one neutron fission events can be predicted and 

subtracted from the total number of one neutron events to separate out the 

(y, f) cross section from the (y,  n) cross section. Below the (y, n) threshold, 

23 
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the theoretical distribution can be fitted to event multiplicities of one and 

above. 

An ionisation chamber, type P2, was used to measure the y-ray flux 

incident on the target allowing absolute cross section measurements to be 

made. 

2.3 The Linac 

The experiment was carried out on the Harwell 136 MeV pulsed electron 

linear accelerator, FIIELIOS (Fig. 2.1). This is an eight section machine, 

though for the present experiment only the first two sections were required. 

Microwave radiation from the klystrons is fed into circular waveguides 

loaded with copper irises to give the electromagnetic wave the correct 

phase velocity to accelerate the electrons. These are injected in pulses 

into the wave guides and the electron bunches "ride" on the crest of the 

electromagnetic wave in a "surf-board" fashion (Fig. 2.2). Table 2.1 gives 

details of the accelerator's operating specifications. Table 2.2 gives the 

operating parameters used in the present experiment. The electrons are 

then deflected into the Low Energy (or LE) line (see Fig. 2.3). 

2.3.1 The Low Energy Line 

The LE line is used to define the energy and energy spread of the electrons 

and hence of the bremsstrahlung. The first set of bending magnets is 

used to define the energy of the beam, hence the current in the windings 

and the magnetic field need to be monitored and controlled quite tightly. 

The water-cooled slits after the bending magnets determine the spatial 

spread of the beam and hence the energy resolution. This was set, for the 

present experiment, at ± 1.0 % and ±0.5% depending on the energy steps 

made. The beam is focussed using pairs of quadrupole magnets onto the 

brernsstrahlung radiator --- in this case 0.1 g cm-' gold foil. Scintillators can 

be moved in and out of the beam to indicate the position of the beam spot 



CHAPTER 2. EXPERIMENTAL METHOD 
	

25 

0 
0 

0 

C 
0 
0 

C 

x 
w 

Figure 2.1: HELIOS:The Harwell Electron Linear accelerator for the Inves-

tigation Of neutron and radiation Science. 
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Maximum Energy: 

Operating Frequency: 

Klystrons: 

Acceleration length: 

Maximum pulse length: 

Maximum repetition rate: 

Electron pulse duration: 

Maximum beam power: 

Maximum pulse current: 

136 MeV. 

1300 MHz (L band). 

Four Thompson-CSF type TV 2022 

each giving 20 MW or 10 MW peak 

power and 40 kW mean power. 

16m(8x2 m). 

5 A at:!~300pps. 

2000 pps for pulse width :~0.4ps. 

Variable from 5 n to 5 As. 

30 kW (short pulses), 90 kW (long 

pulses). 

6--1A (short pulses), 0.6--lA (long 

pulses). 

Table 2.1: The accelerator specifications. 

Electron energy: 

Pulse repetition rate: 

Width of 

energy-defining slits: 

Max. pulse current at 

bremsstrahhmg radiator: 

Pulse width at 

bremsstrahlung radiator: 

Gamma dose on target per 

electron pulse: 

Between 5.6 and 10MeV. 

500 pps. 

±1% or ±0.5%. 

Between 0.1 and ljis. 

Table 2.2: Operating conditions for the present experiment. 
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Figure 2.2: Electrons being accelerated by a travelling wave. 
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for steering purposes. Also, the beam current is monitored by toroidal beam 

transformers to give an indication of the pulse width and current incident 

on the radiator. 

2.4 The Target 

2.4.1 General Description 

For this experiment, one target of 1.533 g of 241Am metal was used, prepared 

by and on loan from the Oak Ridge National Laboratory, U.S.A., . The 

metal was rolled into a sheet and cut into a 2 cm x 2 cm square with an 

areal density of 0.383 gcm 2. The metal was obtained from its oxide by a 

reduction-distillation process carried out by the Isotope Research Materials 

Laboratory, U.S.A. [Vanp 841. Table 2.3 shows the isotopic analysis of 

the oxide and Table 2.4 shows the isotopic analysis of the metal after 

reduction-distillation. In subsection 2.4.3 it is shown, with reasonable 

confidence, that there is a certain percentage of fluorine in the target even 

after reduction-distillation, with undesirable side-effects discussed therein. 

2.4.2 The Target Mounting 

"'Amis predominantly an a-particle emitter and thus 1.533 g of 241 is  

presents something of a radiological hazard.' For this reason, as well as 

to prevent oxidation, the target was mounted, between two thin (0.01 mm) 

nickel foils which are virtually transparent to 5--10 MeV y-rays, but absorb 

a-particles, inside an evacuated metal can (see Plate 1). The main structure 

of the can is made from aluminium with a thin aluminium window at either 

end of the can to allow the y-ray flux to pass through the target unhindered. 

The outside of the can is surrounded by a 2 mm thick sheet of lead to 

shield the detector from the y-rays accompanying a-decay of the target. A 

'The target has an activity of -5 Ci. 
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Element Quantity (wt. ppm) Element Quantity (wt. ppm) 

Al 0.3 V 1.0 

B 1.0 Zn 0.5 

Ba 0.3 Zr 5.0 

Ca 2.0 Cl 3.0 

Cr 0.2 F 0.7 

Cu 0.2 S 7.0 

Fe 3.0 Y 5.0 

K 0.3 La 10.0 

Mg 1.0 Ce 250.0 

Na 1.0 Pr 3.0 

Ni 0.5 Nd 10.0 

P 0.1 Eu 10.0 

Pb 7.0 Th 0.5 

Sb <0.5 Dy 5.0 

Si 3.0 Ho 0.5 

Sn <0.7 Er !~-2.0 

Ta :!~1.0 Tm 70.0 

Te 2.0 Yb 5.0 

Ti <0.1 Lu 0.5 

Table 2.3: Spark source mass spectrographic analysis of high purity ameri-

cium oxide used for americium metal preparation. 
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Element Quantity (wt. ppm) 

Al 10 

B 10 

Ca 200 

Cr 10 

Fe <50 

K 10 

Mg ::~10 

Na 30 

Ni :!~10 

P 

Si :~100 

Zn <50 

239PU <30 

S 50 

Table 2.4: Spark source spectrographic analysis of americium metal pre-

pared by reduction-distillation process. 
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dummy can was constructed, identical in every way to the target can, (but 

containing no 24'Am target) for mounting dummy targets or sources in the 

detector. 

2.4.3 Analysis of the Target 

For 241Ain, a-decay accounts for - 100 % of the decay strength and spon-

taneous fission for only 3.77 x 10' %. Assuming a pure metal target and 

-3 neutrons per fission, this implies a neutron output for the target of -2 

neutrons per second. When the target can was placed in the detector, an 

emission rate of - 7500 was found. Clearly, some reaction other than 

spontaneous fission was going on in the target. 

(a, n) Neutrons 

If the target is not a pure metal, there is the opportunity for (a, n) reactions 

to take place. Neutron yields for light elements under a-bombardment 

are listed by e.g. Liskien and Paulsen [Lisk 77]. A first thought might 

be, therefore, that the target can had leaked allowing the target to oxidise, 

resulting in the reaction 160(a, n). However, allowing for even total oxidation 

of the target, this should only give a neutron output of- 80 s_i  using figures 

for the 160(a, n) thick target yield quoted by Bair and Gomez del Campo 

[Bair 79]. 

(a, n) sources have characteristic y-rays accmpanying the reaction as 

the excited residual nucleus decays to its ground state. Therefore, it was 

decided to examine the spectrum of y-rays from the target to try and find out 

what impurity might be causing the high neutron flux. For this purpose, an 

intrinsic Ge detector was placed near to the source, keeping the dead-time 

down to an acceptable rate from the high flux of y-rays. The output was 

fed into an amplifier and used to produce a pulse height spectrum with 

a multi-channel analyser (M.C.A.). The energy scale of the spectrum was 

calibrated using a "Na source plus two naturally occurring lines from 40K 

and ThC" (208T1). 
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Figure 2.4: y-spectrum of 241Am Target. 

Upon analysis, no lines consistent with the constituents of Table 2.4 

were observed with sufficient intensity to give rise to the large neutron 

output. Reference was then made to work done by Lees and Lindley 

[Lees 781 concerning the neutron output from an 241A,jn02  source. In this 

case, neutron output was determined for all possible sources in the 2411jnO2, 

taking account of all known impurities i.e. those impurities that had been 

declared by the suppliers T.R.C. Amersham. Nevertheless, this still led to 

a shortfall in the neutron output. A y-ray spectrum was taken and upon 

analysis, lines due to '9F(a, n) and '9F(a, p) were found. The authors were 

clearly surprised to find this undeclared fluorine impurity and indeed, upon 

close inspection, several of these '9F( a,) lines were found in the spectrum 

from the 21'Am target used in this experiment (see Fig. 2.4). Henceforth, 

a similar spectrum was made for the present experiment from an 

source (of known neutron output) was taken to normalise the 241 J target 

spectrum. By adding up the number of counts in the four most prominent 

"Fa, n) lines in the two spectra and normalising for time and solid angle, 

the number of neutrons due to '9F( a, n) reaction was of the correct order 

1.*04 

0 .+O3 

to that observed, within about 30% accuracy. Obviously, the lead shielding 

of the target used in the present photonuclear experiment and the 241Ain/F 
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capsule were different, however, the evidence does point to the large flux of 

neutrons being due to an undeclared impurity of fluorine which is, in fact, 

used in the extraction of certain actinides. 

Further evidence for this assumption comes from the ring-ratio of the 

neutron detector (described in section 2.5). The ratio implied a mean neutron 

energy of - 1.6 MeV, which corresponds to the neutron energy quoted for an 

241A/F source by Owen et al. [Owen 821. 

Why this fluorine impurity was not detected in the spectrographic 

analysis is unknown. Lees and Lindley, who saw approximately the same 

flux of neutrons due to fluorine in their target, suggested that the fluorine 

was probably present in parts per thousand which ought to be detectable by 

spectrographic methods. 

Fission Neutrons 

In an (a, n) source, the time correlation between neutrons is random i.e. 

the distribution of times between neutrons follows a Poisson distribution. 

However, in a spontaneous fission source, neutrons will be emitted in 

bursts following each fission. Hence, by setting up a T.A.C. (time-to-

analogue converter) as in Fig. 2.5, a histogram was built up on an M.C.A. of 

the time between successive neutrons emitted by the 241Ain target. Due to 

the low count rate, spectra need to be taken over about a week. The detector 

package used had a well-defined die-away time of 23±1 /.Ls and consisted of 

a 3  H counter in a block of moderating polythene surrounded by cadmium to 

absorb neutrons which have thermalised after "bouncing" around the room 

and will be totally uncorrelated and so therefore undesirable. 

Fig. 2.6 shows the T.A.C. spectrum for an 241AmIB source with a full 

scale of 1 ms (1us/channel). The mean detected singles count rate was - 100 

counts/second which is consistent with the time constant of 10 ins (time 

constant oc  1/(mean count rate)). There is no structure at small times to 

suggest fission neutrons, as one might expect from the very small amount 

Of 241Am in the 241AiB source (- 100 mCi). 
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Fig. 2.7 shows the T.A.C. spectrum from the 241Am target. Again 

the mean detected singles count rate was - 100 counts/second which is 

consistent with the -P10 ins time constant observed in the T.A.C. spectrum. 

Clearly, there is some structure at the beginning with a time constant of 

60us. With such a time constant of about three times that of the detector 

package die-away time of -23 As at first sight this seems unlikely to be 

due to prompt neutrons from fast neutron induced fission where one fission 

neutron provides a start and another a stop resulting from fission induced by 

neutrons from the (cx,n) reaction on the fluorine contaminant in the target, 

in which case one would expect a time constant of the order of the detector 

package. However, the ratio of the small time constant area (60 jis) to that 

of the large time constant area (10 ms) is about 1/240. The proportion of 

(a, n) neutrons which could induce a fission reaction is given approximately 

by the expression P SNA an,1te11/A where Pdens  is the density of the 241  Ara 

target, NA is Avogadro's number, ffn,f is the total neutron induced fission 

cross section and A is the atomic number of 241Ain.The quantity teff is the 

effective target thickness which takes account of the fact that not all of the 

(a, n) neutrons will penetrate the entire thickness of the target and is a 

certain fraction of the actual target thickness ttarg such that teff 0. Sttarg. 

If the neutron induced fission cross section is assumed to be around 2b 

for 1.6 MeV neutrons [ENDF **] (resulting from (a, n) on fluorine) then the 

fraction of (a, n) neutrons inducing fission reactions is about 1/1000. If each 

fission gives rise to around 3 neutrons then this calculation implies a ratio 

of about 1:300 fission neutrons to (a, n) neutrons. This number is not too 

dissimilar to the fraction of 1/240 deduced from Fig. 2.7. 

In conclusion, therefore, although there is a 60jis component in the 

T.A.C. spectrum of uncertain origin, no firm evidence is seen for a large 

number of prompt fission neutrons from the 241 n target. Is seems that 

the most likely cause of the 60 As component is from (a, n) neutron induced 

fission neutrons. The time constant is much larger than expected, though 

this might be due to uncertainties in the experimental set-up and the 
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Figure 2.5: The set-up to produce a T.A.C. spectrum. 

accuracy of the experiment. Indeed the fact that the detector package was 

situated on a concrete floor might mean that the die-away time was longer 

than originally measured due to neutrons being scattered back into the 

detector by the nearby concrete. 

Auto-radiograph of the Target 

It was decided, as a check, to see if the target was mounted in the position 

that it was supposed to be in its can. This was done by "taking a picture" of 

the target using its own radiation and a lead "pin-hole" camera set-up as in 

Fig. 2.8. 
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Figure 2.6: T.A.C. spectrum from 241Am/B source. 
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Figure 2.7: T.A.C. spectrum from 241AM  target. 
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Figure 2.8: The "lead pin-hole camera." 
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Figure 2.9: The film after exposure to the Am target. 

The arrangement was set up to allow the target to form an image of 

itself on a film badge to give 1:1 ratio of target: image. The pin-hole was a 

1 mm hole in a piece of lead placed in front of the target can thin aluminium 

window. The lead was thick enough to attenuate they- radiation sufficiently 

not to fog the film, except that which passed through the pin-hole. Lead 

was also placed at the other end of the can to prevent unnecessary radiation 

leaking out of the thin aluminium window at that end. The film was 

shielded all around, except for an aperture, to allow exposure to the target 

image, but not to unwanted radiation which may bounce around the room. 

This particular set-up required around 5 days to give sufficient exposure of 

the target (-10 mSv dose equivalent). 

Fig. 2.9 shows the film after exposure. The faint circle is drawn to 

indicate the position of the pin-hole. In fact, taking into account where the 

film was mounted and where the target image appeared, the target seemed 

to be in the correct position, to within the accuracy of this set-up (±1 mm). 

This was quite adequate for the constraints placed upon the beam which 

would be incident on the 241Ain target during the experiment. 

2.5 The Detector 

The detector used in this experiment was designed to be both efficient and 

have an efficiency virtually independent of neutron energy. In fact, the 
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efficiency can be approximated by a linear function of energy, decreasing 

slightly as neutron energy increases. The design was based on the Halpern 

type as described by Gerstenburg and Fuller [Gers 67] The detector itself is 

described in full by Lees et al. [Lees 80] with modifications as described by 

Edwards et al. [Edwa 82]. 

The detector employs copper-walled '°BF3  (boron trifluoride) gas pro-

portional counters of active length 1070 mm, and 50 mm cross sectional 

diameter. '°BF3  counters are preferred to the more efficient 3  H neutron 

counters, because the former are less sensitive to the y-flash produced by 

the intense spray of bremsstrahlung used in this experiment. The counters 

used rely on the reactions: 

	

'5°B + n - 
93% Li (1te.s.)  + a+ 2.30 MeV 	 (7) 

7% - 	 j(.8)  +a+2.78MeV 	 (8) 

The reaction is detected by the ionisation caused by the Li and a particles. 

The cross section for the reactions is very high at low neutron energies 

(- 3800 barns at thermal energies) but falls off rapidly with neutron energy. 

Hence, the neutrons need to be moderated for efficient detection. For this 

reason 56 '°BF3  counters are arranged in five concentric rings immersed in 

a tank of transformer oil. 

The tank is 0.8m wide x 1.3m long x 1.0m high. The oil has a large 

density of hydrogen atoms which are most efficient at moderating neutrons. 

This slowing down produces a random delay between neutrons produced in 

one event, allowing each neutron to be detected separately - essential for 

determining neutron multiplicity. Plate 2 shows the detector with its lid 

removed to reveal the counters partly submerged in the oil. Plate 3 shows 

the rings of counters hoisted out of the detector tank. Fig. 2.10 shows a 

schematic diagram of the detector viewed end-on. The rings consist of 8, 8, 

8, 16 and 16 counters going outwards from the centre consecutively. The 

ratio of neutrons detected in the outermost-ring to the innermost-ring (the 

so-called ring-ratio) gives a measure of the mean neutron energy (higher 

energy neutrons will tend to diffuse further out from the centre before 
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detection than lower energy neutrons thus increasing the ratio). The 241Ain 

target, in its evacuated can, is placed in the central through-tube. 

The detector is surrounded by cadmium to "mop up" any stray thermal 

neutrons and borated resin to absorb neutrons which might otherwise 

"rattle around" the block house and back into the detector creating an 

unwanted background. In addition, the detector is surrounded by lead 

bricks to shield from the y-flash. 

The blockhouse in which the detector is sited is air conditioned and kept 

at a constant temperature as 10BF3  counters are susceptible to changes in 

both temperature and humidity. For this reason also, the oil is periodically 

streamlined (heated up under vacuum allowing any water in it to evaporate 

off) to keep the counters as free from moisture as possible. 

2.5.1 The Detector Electronics 

Fig. 2.11 shows a schematic diagram of the electronics used for the data 

collection in this experiment. Each counter runs at an E.H.T. of 3.8 kV 

and as such needs to be capacitatively decoupled from the pulse shaping 

preamplifiers. In addition, there is filtering of the bias supply to remove 

spurious mains signals. The components used for decoupling and filtering 

are located in an earth screened box which is hermetically sealed with 

replaceable desiccaters located inside the box ensuring that no moisture 

can induce breakdown or noise. The pulses from the preamplifier are fed 

into an amplifier and on into a discriminator. Fig. 2.12 shows a typical 

pulse height spectrum for a ring with the discriminator level indicated. 

Neutrons from an event associated with each beam burst are recorded 

for the duration of two gates as in Fig. 2.13. The set-up is gated to maximise 

the signal-to-noise ratio with a spectrum gate of 200 jis duration 7 As after 

the y-flash to record (y, f) and (y, n) neutrons. A similar background gate 

follows 1 ms later to record background neutrons and each cycle is repeated 

every 2 ins. The pulses from each ring are digitised and recorded during 

each gate as a serial digital signal, 3 bits for each ring and an extra bit to 
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Figure 2.11: The detector electronics. 
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Figure 2.13: The gates used to detect neutron pulses. 

indicate either spectrum or background is tacked onto the pulse train. The 

signal is sent to the counting lab via a CAMAC interface to a PDP 11/45 

computer where the signal is decoded and the spectrum and background 

multiplicity for each beam pulse used to increment multiplicity histograms. 

As a cross check, analogue signals from the amplifiers are recorded by 

Harwell 2000 series scalers to give the total number of spectrum and 

background neutrons. 

2.5.2 The Detector Response 

Efficiency 

As mentioned in a previous section, the detector was designed to have 

an efficiency virtually independent of neutron energy. The efficiency was 

determined by placing various calibrated neutron sources in the centre of 

the detector and counting the number of neutrons detected for a fixed length 

of time. 
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Figure 2.14: The efficiency of the detector. 

The sources used were: 241Am/13, /Be, /Li, /F (a, n) sources and 252Cgs.f.)2. 

All of these sources were calibrated using a manganese bath at the National 

Physical Laboratory at Teddington, Middlesex. After count loss corrections, 

(described in the Analysis Chapter) the efficiency for each source can be 

obtained. Though each source emits a spectrum of neutron energies, a mean 

energy can be assumed for each source to give a plot of detector efficiency 

against mean neutron energy such as in Fig. 2.14. A linear best line fit can 

be made to the data showing a slight decrease in efficiency with energy. 

This one might expect as higher energy neutrons will tend to diffuse further 

out from the centre of the detector before moderation and hence have a 

greater chance of escaping the detector before detection. 

Knowledge of the energy dependence of the detector efficiency is impor- 

spontaneous fission 
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tant in calculating the number of (y, f) and (y, n) neutrons associated with 

multiplicity one events, the former type having a higher average energy 

than the latter (see Analysis Chapter). 

Neutron Capture Time Distribution 

In order to set the optimum gate widths and timing to maximise the signal-

to-noise response, knowledge of the neutron capture time distribution is 

required. For this purpose a 252Cf spontaneous fission sample is used. 

The sample is incorporated into an ionisation chamber and the ionisation 

caused by the fission fragments gives rise to a pulse which can be used as a 

timing "start" to time how long after fission the fission neutrons are detected. 

Fig. 2.15 shows this distribution in time. The mean neutron lifetime 

of neutrons in the detector is 135 ps. The gate width for backgrounds 

and spectrums was set at 200 bus, and the distribution enables one to 

make a capture time correction to the overall efficiency of detection. For 

example, in the case of a 200 is spectrum gate opening 7 jts after the y-

flash, statistically, 0.796 x e yf  of the total number of fission neutrons will be 

detected in that gate.' The figure of 0.796 is called the gating factor and is 

given by 

ptclo.. 

g=j P(t)dt  
top  

(9) 

were P(t) is the capture time distribution, and topen and tclose are the opening 

and closing times of the gate, respectively. 

2.6 The P2 Chamber 

As mentioned previously, the y-ray flux needs to be measured to make 

absolute cross section measurements. 

The device used in this experiment to do so is a type P2 ionisation 

chamber, the response of which is described in detail by Pruitt and Domen 

ungated efficiency of detection for (y, f) neutrons. 
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Figure 2.15: The capture time distribution. 
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[Prui 62]. Its response is affected by changes in pressure and temperature. 

As said before, the temperature in the blockhouse is kept constant to within 

±1°C. The pressure is recorded by a barograph connected to a chart recorder 

for the duration of the experiment and used to correct the measured flux 

at a later stage (see Analysis Chapter). The incident radiation energy is a 

function of the collected charge and the maximum photon energy, as also 

described in the Analysis Chapter. 

In order to measure the flux incident on the target, the P2 chamber 

is mounted in line with the through-tube (as shown on Fig. 2.10) and 

downstream of the target. Most of the flux passes straight through the target 

without interaction and with a small correction for photon attenuation in 

the target, the flux can be measured fairly accurately although problems 

did arise which will be mentioned later. Plate 4 shows the detector with the 

P2 chamber in position. 

The charge from the chamber is measured by a Brookhaven current 

integrator which gives out a pulse for a fixed amount of charge input. These 

pulses are recorded, via CAMAC, by the computer and by the 2000 series 

scalers for cross checking. 

2.7 Experimental Running 

2.7.1 Two-Energy Magnet Cycling 

The simplest way in which one could collect data from the apparatus would 

be to run at energy E1, reset the beam-line, run at energy E2, etc., covering 

the entire energy range, one energy setting at a time. This would be fine in 

the ideal world, however, the linac settings are apt to drift slightly during a 

run, affecting the energy spread of the beam or the angle at which the beam 

enters the energy defining magnets (referred to henceforth as "LM1--4") 

causing a drift in bremsstrahlung end-point energy. Fig. 2.16 shows what 

happens to the difference in yields given a small random drift in E1  and E2. 

However, if the two energies E1  and E2  are kept a fixed amount apart, the 
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Figure 2.16: Drift in the yield for two different energies. 

difference is much less, assuming an approximately linear change in yield 

over a small energy change (see Fig. 2.17). The answer, therefore, is to run 

simultaneously at the two energies, E1  and E2  and look at the difference. 

In reality, the closest way to achieve this is to run at E1  for a short time 

(e.g.— 1 minute, which is much shorter than the time-scale of the electron 

beam drifts), then at E2  for the same length of time and repeating the 

cycle throughout the run. This method is referred to as two-energy magnet 

cycling. 

This is achieved by placing the magnets LM1--4 under computer control, 

which allows the magnets to be switched between the two field settings 

during data acquisition. Two variable resistances are switched in and 

out, alternately every minute, by mercury-wetted relays (see Fig. 2.18) 

to increment or decrement by a small amount the mean field set by the 
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Figure 2.17: Drift in the yield for two different energies a fixed distance 

apart. 
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coarse and fine adjustments and measured by a Rawson-Lush rotating coil 

gaussmeter (see § 2.7.5). It is by this control of current to the magnets that 

the two energies, E1  and E2, can cycled between during a run. Clearly, to 

do this procedure properly would require the whole beam to be adjusted, 

not just the first bending magnets, however, the beam spot is set-up at the 

beginning of each run to move as little as possible upon cycling so small 

energy change cycles are acceptable using this procedure. It is for this 

reason that the largest practical energy change used is - 100 keV. 

Data is thus taken at energies E1  and E2, then the coarse and fine 

adjustments altered to take data at E2  and E3, then E3  and E4, and so on 

until the entire energy range is covered. In theory, the higher energy data of 

one run should agree with the lower energy data of the next and so provide 

a good check of consistency throughout the experiment. 

2.7.2 Data Acquisition 

Data for this experiment were taken between 5.6 MeV and 10 MeV i.e. from 

fission threshold upwards. Below 5.6 MeV the cross section is too small to 

collect sufficient statistics using this set-up. The range up to 8 MeV was 

covered in 100 keV steps and above this in 200 keV steps. Where possible 

resonances were indicated, (5.8 -- 6.5 MeV), 50keV steps were used. 

The beam line is set up for each energy pair in order to optimise the 

beam spot on the target. The position of the beam can be inferred in several 

ways: 

. Scintillators can be moved in and out of the beam at the positions 

marked "S" in Fig. 2.3. Each scintillator has a cross marked on it in 

order that the beam be steered centrally. 

. Beam scrapers, marked "Sc" in Fig. 2.3 indicate whether the beam is 

grossly off-centre, implying that the beam should be steered to give 

the minimum signal on the scrapers. 

. Beam position monitors, marked "PM" in Fig. 2.3 consist of two ferrite 
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rods with a coil wound around them. By inverting one coil signal and 

adding to the other, minimisation of the total signal gives a centralised 

Beam toroids marked "T" in Fig. 2.3 measure the current in the beam 

and the beam spread and so indicate whether the beam is properly 

focussed and has been optimally steered through the machine. 

A dose monitoring film badge, mounted in a specially made frame 

which can be fixed in the dummy can where the target would be 

situated, indicates whether the beam spot is passing entirely through 

the target. After a short exposure to the beam, the badge is developed 

giving a black spot the same size as the beam. Obviously, the beam 

must pass entirely through the target otherwise the P2 chamber 

would be measuring a certain amount of flux which did not intercept 

the target and suggest a smaller cross section than was actually the 

case. 

The P2 chamber, to a lesser extent, can be used to infer an optimum 

beam in that a maximum P2 signal suggests a central beam. 

The beam line is set up such that the spot on the scintillator at the gold 

radiator position moves as little as possible when switching between the 

two magnet positions. 

Data is taken in the form explained in § 2.5.1 whereby a histogram of 

neutron multiplicities is incremented for both spectrum and background 

gates and recorded separately for the two energies of the run. The time 

for each run depends upon whether data is taken above or below the (y,  n) 

threshold and the magnitude of the cross section. For low energies, the 

cross section is very small and data needs to be taken for a large fraction 

of a day to give iO (y,  f) neutrons per energy setting. Moving up to 

the (y, n) threshold the runs take about 5 -- 6 hours. Below the (y,  n) 

threshold, one needs only to infer the number of 0 neutron fission events 

from measured multiplicities >1, however, above this threshold one needs 
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to infer both the number of 0 neutron and 1 neutron fission events from 

measured multiplicities >2. For this reason, - 106  (y, f) and (y,  n) neutrons 

are collected. But now the cross section is getting larger to offset this and 

runs take -4 hours. 

At the end of each run the data is dumped to both disk and line-printer 

for analysis. 

2.7.3 The P2 Background 

During the first set of rims taken with the 241Am target, it was found that 

at high energies as the cross section increased, the beam width needed to be 

cut back quite severely in order that the event rate stayed within acceptable 

limits (see § 2.7.4). This was because only one target was available. Had 

several targets of varying thickness been available, this problem would not 

have arisen; one would simply switch to a thinner target to reduce the 

event rate. This resulted in such a low y-flux that the Brookhaven current 

integrator was at the limit of its sensitivity. In fact, the slight drift in the 

Brookhaven zero-point was significant compared with the P2 signal. This 

led to unreliable P2 current measurements for the very high energy runs. 

Hence, it was decided for the second set of runs to record this drift in order 

to give correct P2 readings. 

This was done by giving the Brookhaven a positive signal offset (it is 

not possible to record a negative signal) and recording its current output 

between magnet changes with the beam off. During magnet changes, the 

data acquisition computer inhibits the beam and enables the Brookhaven 

"background" signal. This is recorded along with the time for which this 

signal is enabled to allow a background rate subtraction from the total P2 

current and hence give a correct P2 total charge at the end of the run. 

The success of this method was confirmed when good agreement was 

achieved between the high energy yield of one run and the low energy yield 

of the next during the second set of rims. 
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2.7.4 Data Collection Inhibits 

During data acquisition, certain criteria need to be met for the data to be 

acceptable. For this reason the computer receives inhibit signals if these 

are not met. 

For the overlap correction to be valid (where two events may occur 

within one beam burst) the count rate needs to be kept within a certain 

range. In fact, usually it is not allowed to vary by more than a factor of 2 

from its mean value. As the P2 current is proportional to the count rate, 

for convenience constraints are placed upon the P2 meter connected to the 

Brookhaven which has adjustable upper and lower limits. If the needle 

indicating the current strays outside these limits, a signal is sent out to 

inhibit data collection. 

Similarly, the gaussmeters indicating the two magnet settings have trip 

limits which are far tighter than that for the P2 current as a drift in the 

magnet field creates an unacceptable drift in the energy. 

Neutron count data is inhibited between magnet settings and also if the 

number of spectrum and background gates differs from the number of beam 

starts by more than 4. The user then has the option of continuing data 

collection or aborting. 

2.7.5 Energy Calibration 

The electron energy defining system of the 900  bend uses the water-cooled 

slits (see § 2.3.1). The magnetic field at this point is measured by a 

Rawson-Lush rotating-coil gaussmeter which is both radiation resistant 

and capable of measuring change of 0.05 gauss in about 300 gauss which is 

approximately the field strength used in this experiment. 

In order to calibrate this system so that a particular field strength 

corresponds to a particular known electron energy, a nucleus with a well 

defined (y, n) threshold is used to provide a reference energy. 183W has 

a (y, n) threshold at 6.191 MeV. By placing a target of this material in 
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Figure 2.19: A beam energy calibration graph. 

the neutron detector and measuring the yield at various field strengths, 

gradually increasing the defined electron energy so as to straddle the 

neutron emission threshold, one can establish the reference point. This is 

done by plotting the square root of the yield against field strength which 

results in a straight line. Where this straight line crosses the background 

level gives the threshold field strength. Fig. 2.19 shows such a calibration 

graph. 

The relativistic relation between field strength BT and electron kinetic 

energy in MeV T is given by 

	

BT= 62\/T2+2mT 	 (10) 

where 	is the reference field strength measured in the calibration, 

6.682 MeV/c is the momentum of the electron corresponding to 6.191 MeV 

kinetic energy and the mass of the electron m is measured in MeV. 
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2.7.6 Magnet Field Stabilisation 

For the very fine resolution energy steps, assistance is required to keep the 

magnet fields within the necessarily very tight upper and lower limits on 

the gaussmeter inhibits. This is done by computer feedback. 

A specially made up computer unit was employed to monitor the LM1--4 

field for each magnet setting. Small resistances (0.05 ) can be inserted or 

removed by the computer using relays, in series with those between AB (see 

Fig. 2.18) to vary slightly the current to LM1--4 in order to keep the field 

within limits. 

2.7.7 The Effect of the y-Flash 

As mentioned before, each beam pulse gives rise to a large y-flash which 

produces a large signal in the detector. Even 8is after the y-flash the effect 

could still be there, reducing the efficiency of the detector. For this reason, 

4 scalers are gated on during the spectrum gate at periods 0-2 its, 2--4ps, 

4--6js and 100--200 ALls after the opening of the gate. The last 100 us gate is 

sufficiently far away from the y-flash not to be affected but the first three 

gates record a reduced number of neutron pulses than that expected from 

the capture time probability distribution and thus can be used to calculate 

this effect. 

In fact, it was found that this effect was negligible in comparison with 

previous photonuclear experiments carried out with the present set-up due 

to the much smaller beam cross section and relatively thin target areal 

cross section. For this reason no correction was made for this effect. 

2.7.8 The Background 

The background gate does not measure the entire background which occurs 

during the spectrum gate. The y-flash, Compton-scattered by the target, 

gives rise to a certain number of neutrons from photodisintegration of nat-

urally occurring deuterium in the oil. To measure this "y-flash background" 
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a passive target is used i.e. one which scatters y-rays in the same way as 

the 241Am target but produces no photoneutrons. To this end, a gold target 

with an equivalent Compton scattering areal cross section was used. The 

resulting yield can be used to subtract off the y-flash background for each 

multiplicity. 

In fact, the effect is quite small in this experiment as, once again, the 

tighter collimation of the beam than from previous photonuclear experi-

ments using this set-up much reduces the '-r-flash. 

2.7.9 Typical Signal-to-Noise Rates 

Because of the large (a, n) background, the signal-to-noise ratio was not 

as good as it might have been. The background gate rate was very close 

to 0.54 gate' for all of the runs whereas the spectrum gate rate varied 

from —0.01 gate-' above this background value for the low-rate runs up to 

—1.5 gate' above the background value for the high rate runs. Most of the 

runs were made at the low-rate. High-rate and low-rate runs are described 

in § 3.4.8. 
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Chapter 3 

Analysis 

3.1 An Outline of the Analysis 

Once the raw data have been taken, several stages of corrections and fitting 

need to be carried out to obtain the cross sections ((7f, o) and the mean 

number of prompt neutrons per fission, V. The three main stages of the 

analysis are: 

Correction of the data --- see below. 

Fitting the data to find V and extract the photoneutron and photofission 

event yields. 

Unfolding the yields to give the final cross sections. 

The data taken consist of a series of energy pair runs at end-point 

energies between 5.6 and 10.0MeV, encompassing both the fission and 

('i" n) thresholds. For each rim the pair data are corrected for: 

Background (which is predominantly from the (a, n) contaminant in 

the target). 

Dead-time. 

Overlap of events. 

Effect on detector efficiency from gating (covered in § 2.5.2). 

rev 
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. Effect of atmospheric pressure on the P2 chamber response. 

Absorption of the flux incident on the P2 chamber by the target. 

Reduction in the effective thickness of the target due to attenuation of 

y flux in the target. 

These corrected data can then be passed to the fitting stage. As one does 

not know the number of multiplicity zero fission events, it is necessary to 

fit an efficiency corrected theoretical distribution to the multiplicities one 

and above in order to determine the true number of fission events. Above 

the (y, n) threshold, this distribution can only be fitted to multiplicities of 

two and above, and theoretical fission events of multiplicity one can then 

be subtracted from the total number of experimental events of multiplicity 

one to determine the number of (y, n) events for that run. This theoretical 

distribution is known as the Truncated Renormalised Double Gaussian 

(TRDG) distribution [Edwa 81] for reasons that will become apparent in 

the following sections. It is a function of two parameters which are 

closely related to V and a2  (the variance of the fission neutron multiplicity 

distribution). 

Because the quality of the data was degraded by such a large back-

ground and also because V is believed to vary only slowly with energy, the 

distribution was fitted to the sum of the energy pair data c8(i) where: 

c" (i) = cu  (i) +ci(i) 	i = 1, 7 	 (11) 

where c(i) and ci(i)  are the number of events of multiplicity i in the upper 

energy and lower energy of the energy-cycled run pair respectively. The 

sum distribution is well defined with good statistics but is un-normalised. 

However, the difference distribution Cd(i)  given by: 

Cd(l) = c(i)—ci(i) 	i = 1,7 	 (12) 

reflects accurately the change in events going from the lower to the upper 

distribution but has a less well define shaped due to poorer statistics. It is 



CHAPTER 3. ANALYSIS 

for this reason that the shape of the theoretical distribution is fitted to the 

sum distribution and normalised by the difference distribution. 

One then has a series of difference yields of (y, f) and (y, n) events which 

are convoluted with the shape of the bremsstrahlung cross section. These 

difference yields are then unfolded to give the final cross sections. 

3.2 	Details of the Corrections 

3.2.1 Philosophy of the Corrections 

The corrections to the data are done sequentially, correcting for a different 

effect at each stage. The stages of the corrections are: 

(13) 

where 

Q' are the uncorrected raw multiplicity data 

Q are the multiplicity data corrected for background 

F are the multiplicity data corrected for background and dead-time 

X are the multiplicity data corrected for background, dead-time and 

overlap 

3.2.2 Background Correction 

This corrects for the effect of a background count and a beam-induced count 

registering as a multiplicity 2 event in the spectrum gate, a background 

count and two beam-induced counts appearing as a multiplicity 3 event 

etc. As mentioned above, the background rate in this experiment was quite 

large, often much larger, in fact, than the foreground event rate and involves 

by far the greatest correction factor. This background rate degraded the 

quality of the data and gave rise to errors much larger than was desirable. 

This can be seen by taking the case where there are x total background 
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events and x + 6 total foreground detected events (i.e. true + background) 

where 6 is much smaller than x. This gives rise to a background subtracted 

total of events given by (to a first approximation) 6 ± (2x)1'2. Clearly, the 

error on 6 is quite large. 

If one now considers multiplicity data, one can express the probability 

of seeing a multiplicity n event in terms of probabilities of background 

multiplicities and true event multiplicities i.e. 

Q'o = QGB0 
	 (14) 

k1 = 
a' T 	 I) 

	

(15) 

Q'2 = QoB2 + Q1B1  + Q2B0 	 (16) 

Q'n= 	 . 	 (17) 

where Q', Q, and Bi  are the probabilities of observed multiplicity i events, 

true multiplicity i events and background multiplicity i events respectively. 

These expressions assume that the dead-time is negligible. If one takes 

account of the fact that background events and true events detected within 

a time t (the overall deadtime of the detector - see Eq. 20) will not be 

registered as individual events, Eq. 17 is modified and becomes [Baro 661: 

= >Q1BPr 	 (18) 
j=O p=n-j 

P= k! 	 (19) 

where r = 2t/T (T is the gate width) and C is the binomial coefficient 

k!/m!(k —m)!. Pa,, is the probability of k coincidences' when there are n 

true counts and p background counts within a gate and is found by the 

recurrence relation in Eq. 19 noting that P00,1  is equal to 1. 

1A coincidence in this case refers to a 2-fold coincidence, that is when two counts occur 

very close together in time within the dead-time r and so register as one count so if n = 1 

and p = 1 then k could be 1 or 0 corresponding to one coincidence or no such coincidences. 

This correction is not valid for 3-fold coincidences which are considered to be rare enough 

so as to be of no consequence. 
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The overall dead-time for the detector x is a function of the dead-times 

of the individual rings ('ri) and is smaller than for any individual ring. This 

is because each ring is processed separately. The overall dead-time is given 

by: 

,T 	Tj2 

= 	
(20) 

where f, is the fraction of counts detected in ring i. Typically, Tj  is - 2.05 ts 

and -r is -0.59 As. 

Qj  in Eq. 18 is solved firstly with n = 0 for Qo  then n = 1 etc. to give the 

background corrected probabilities of observing j counts in the spectrum 

gate. 

As the background due to the y-flash was very small (<0.5 % of the 

foreground) due to tight beam collimation and relatively small target areal 

cross section, it was assumed that the background was, to a very good 

approximation, due entirely to the (a, n) fluorine contaminant in the target. 

Hence, by taking all the runs of a particular efficiency and averaging 

the background rate, one could obtain the mean background rate for all 

runs, thus reducing the error on the background. By assuming a Poisson 

distribution of multiplicities for each run then 

Bk=Nt 	 (21) 

with associated errors 

(8B02  =N K- 
1) 

erk]2(3)2 	
(22) 

where Bk is the number of background events of multiplicity k, No  is the 

number of starts for the run in question and r is the mean background rate. 

In this way, the error on the background can be reduced by a factor of -10 

from the that which one would obtain using the background measured for 

each individual run distribution. 

3.2.3 Dead-Time Correction 

This corrects for the effects of the dead-time of the counting system on 

individual beam-induced counts whereby such counts occurring within a 
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time r will be counted as one unless this correction is made. Note that 

although one has already included the effect of dead-time in subtracting 

background counts as described in the previous section, one must also 

correct for the effects on beam-induced counts. This correction is of a similar 

form to the background correction. Taking the background corrected (but 

not dead-time corrected) probabilities from the previous section (Q,), one 

can obtain the background and dead-time corrected probabilities (F) from 

the relation [Baro 661 
n Q. 

	

= >Fn+PP+P 	 (23) 
P=O 

where P is the probability of k coincidences when n neutrons are captured 

and is given by: 

Pk _ 	n! sk 

	

- 
k! 2k(n - 2k)!' 	

(24) 

where 

s = 2T 	P'2(t)dt 	 (25) 
0 

given that P'(t) is the probability that a neutron is detected between t and 

t + dt after the opening of the gate, and is a function of the capture time 

probabilityP(t) (see § 2.5.2) such that 

	

P'(t) P(t + 
topen) 	 (26) 

- ftP(t)dt 
open 

where topen and tclose are the opening and closing times of the gate respec-

tively. Assuming that F,, = 0 for n ~: 82, then all other Fn s can be found in 

Eq. 23 working down from F8. 

3.2.4 Overlap Correction 

This correction is to compensate for the effect of two or more events 

occurring within the same beam burst being registering as one event. For 

example, two events each of multiplicity 1 will be registered as one event of 

multiplicity 2, one event of multiplicity 1 and another of multiplicity 2 will 

'This assumes that one can neglect events of multiplicities 8 and above, which is a 

reasonable assumption from the statistics. 
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be registered as one event of multiplicity 3, etc. Although the event rate is 

kept quite low, such overlaps still occur with finite probability. One must 

therefore take the background and dead-time corrected probabilities from 

the last section (F,,) and correct them to give the true average number of 

multiplicity i events per gate (X1). Following the correction made by Fréhaut 

[Freh 761, if the quantities X are small (which has been ensured for this 

experiment) and the distribution R, follows a Poisson distribution then for 

a mean rate of multiplicity i events, XL, then R,3  which is the probability of 

j events of multiplicity i occurring per beam burst is given by 

R,3 = (
Xiy e-Xi 	 (27) 

Hence the quantities F,, are functions of RL,j such that 

F0  = Ri,oR2,oR3,o ... = [je 	 (28) 

F1  = Ri,1Rz0R3,o ... X1F 	 (29) 

F2  = [R1.0 R2,1  +Ri,2Rzo]R3,0R4,o 

(X2+X)Fo 	 (30) 

F. = >[ fJRk,j] 
	

(31) 
A k=1 

where the sum is taken over all sets of k,j pairs (each labelled by the index 

= n. To put it another way, the sum contains as many terms as 

there are different possibilities of fulfilling the condition 	kj = n. The 

expressions above (Eqs. 28--31) can be reduced to the recurrence relation 

Fn = 	iF,,X, 	 (32) 

and starting from F1  = X1F0, allX1's can be evaluated giving the background, 

dead-time and overlap corrected probability of multiplicity i events. 

3.2.5 Atmospheric Correction to P2 Chamber Response 

As stated previously, the response of the P2 ionisation chamber is dependent 

on the temperature and pressure. The temperature is controlled by the 
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air-conditioning in the experimental block-house to within ±1°C. This 

represents an error on the measured P2 charge of less than 0.5 % due 

to temperature fluctuations. However, a correction needs to be made for 

changes in atmospheric pressure. For each run a barograph records the 

current pressure and the correction to the P2 recorded charge is in direct 

proportion to the pressure, i.e. 

Patm 
P20. = 
	 P2 760 mm Hg 

(33) 

where P2corI.  and 	are the corrected and uncorrected P2 charges 

respectively, and Patm  is the average atmospheric pressure during the run. 

This correction results from the fact that the response of the chamber is 

quoted at 760 mm Hg [Prui 621. A pressure change as large as 40 mm Hg 

can occur during a series of runs which results in up to - 5 % correction to 

the P2 recorded charge. 

3.2.6 Target Attenuation of Beam 

Because of the finite thickness of the target, a certain amount of the y flux 

will be absorbed by the target and hence the measured P2 current will be 

reduced due to the presence of the target. 

The charge produced in the P2 chamber per incident electron on the gold 

bremsstrahlung radiator is given by the expression 

q' 
= 

Ee 	 lt '' t N(Ee, k)e_11tS(k)kdk 	 (34) 

where N(Ee, k)dk is the number of y rays, per incident electron, for brems-

strahiung end-point energy Ee, S(k) is the response of the P2 chamber (in 

units of charge per unit energy) [Prui 621, and the exponential factors are 

absorption due to the air and beam line windows, and the target with: 

• 	/J.f : the coefficient of y absorption by the air and beam line windows. 

• 	tf : the thickness of air and beam line windows. 

• 	p, : the coefficient of y absorption by the target. 
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t1  : the target thickness. 

In the absence of any absorption by the target, Eq. 34 would become: 

q 
= 1E 

e 	1N(E k)S(k)kdk 	 (35) 

Hence the corrected P2 charge (that which would be observed without target 

absorption) would be: 

Ee e f Jo 	tfN(Ee, k)S(k)kdk 
QcOrr.= 	fE  e_f(k)tfN(Ee, k)et(S(k)kdk 

where Qcoi-r.  and 	are the corrected and uncorrected charges respec- 

tively. This expression can be evaluated numerically. 

3.2.7 Effective Target Thickness 

An additional effect of the target thickness is that upstream side of the 

target sees more y flux than the downstream side, due to the attenuation, 

seemingly reducing the effective target thickness. The total number of 

photonuclear events for a target with D nuclei per unit volume and cross 

section c(k) is given by: 

Ik LO

= j E 
	N(Ee, k)e-Pf 	 (37) 

=O  

which, when integrated over the target thickness, x, becomes: 

I
E 

N(Ee, k)e f(k)tfR(k)Da(k)tt  dk 	 (38) 
=O 

where R(k) is the ratio of the effective to the actual target thickness for y 

energy, k and is given by: 

1 - etV)tt 
R(k) = 	 (39) 

Therefore, if one carries out the analysis forgetting about R(k) initially, 

one finishes with the value R(k)(k) and it only remains to correct this value 

using Eq. 39 to obtain the final cross section, o(k). For the target in this 

experiment, the ratio is virtually independent of k over the energy range 

studied and results in a ratio, R(k) of 0.99. 
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3.3 Calculating the Errors 

To use the standard propagation of errors formulae for all the corrections 

described above would be quite complicated and involved, especially if the 

correlations between errors are included. The method adopted instead 

[Hawk 86] is to correct the data as normal initially, then add a random but 

Gaussian weighted amount to the data and recorrect where the Gaussian 

has mean 0 and standard deviation of the error on the initial data (i.e. 

square root of the events, except for when the generated background is 

used in which case the error in Eq. 22 is used). This procedure is repeated 

a number of times where 24 was considered sufficient and the standard 

deviation of these 25 loops gives the error on the initially corrected data. 

In addition the 24 "perturbed" results show how the errors are correlated 

and can be used to generate a variance-covariance matrix: 

Vii 
- 	

24 
	 (40) 

where Cjj1  is the jZ  result in loop k and is the mean value of the i" 

result over the 25 loops. The off-diagonal elements carry the correlation 

information i.e. if all the off-diagonal elements were zero then the errors 

would be uncorrelated. This matrix is used in the TRDG fitting procedure 

for finding the generalised value of 2  when errors are correlated. 

3.4 Fitting the Data 

Once the data have been corrected, they then need to be fitted in order to 

find the true number of fission events in each run for the reasons outlined 

in § 3.1. 

The TRDG distribution will be described and the fitting procedure 

outlined in the following sections. Firstly, the predecessor of the TRDG 

distribution, the Terrell distribution, will be described. 
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3.4.1 The Terrell Distribution 

Terrell [Terr 57] considered the fission process as a series of random fluc-

tuations whereby small amounts of energy are lost or gained by fission 

fragments. From the central limit theorem the fragments will have excita-

tion energy distributed as a Gaussian, thus: 

1 	[(EE)2l 

p(E)dE= 	
(AE) e 
	idE 

/ 	
(41) 

which can allow the possibility of negative excitation energies and causes 

problems with this formalism which will be mentioned later in this section. 

By assuming that all the fission neutrons come from one effective fission 

fragment whose energy can be described by Eq. 41 and if 3E is the aver-

age reduction in energy accompanying the release of a neutron, then the 

probability of emission of v neutrons is given by 

V 	1 (1+v)5E 1 _[(_2] 

()e 21 dE 	 (42) 
n=o 

If the final excitation energy of the fragment after emission of all fission 

neutrons is on average - 5E/2 and vj,,, is the number of neutrons emitted 

from a fragment with initial excitation energy of 1?, then 

(43) 

where b is a small correction discussed below. If 

1 x 

f(x) = 	I-x 

e [Tidt 	 (44) 
v  

and one defines 

WoE  
AE 	

(45) 

then 
V 

p(n)= 1  +f[(v—v++b)/W] 	 (46) 
n=O 

and v can be closely identified with the mean value V of the distribution by 

writing 

b 	1 - f[(v + )/WI 	 (47) 
2 2 
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Eq. 46 is a function of just two parameters: vp  (which is associated with V) 

and W, the root mean square width of the total excitation energy distribution 

in units of öE. The variance of the multiplicity distribution is related to this 

quantity W by Sheppard's correction: 

(48) 

Unfortunately, there are problems with the Terrell formalism, as pointed 

out by Edwards et al. [Edwa 811. 

The theoretical value of vA,  of the Terrell distribution deduced from 

fitting experimentally measured multiplicity distributions can differ 

from the experimental V value for spontaneously fissioning isotopes 

by up to 3.5%. 

Similarly estimates of the variance obtained by fitting the distribution 

to measured multiplicity distributions can differ from the experimental 

values by up to 10 %. 

The Terrell distribution consistently over-estimates multiplicity 0 

events, sometimes by more than 100 %. 

Poor fits to the data were obtained in several cases with consistently 

positive individual X's of fit for multiplicities of 1 and above rather 

than a random distribution about 0. 

It was deduced that having negative excitation energies with a non-

zero probability was having a detrimental effect on the distribution. In 

order to improve the fit, it was decided to truncate the distribution to 

disallow non-zero probabilities of negative energies, and to renormalise the 

distribution. 
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3.4.2 The Truncated Renormalised Gaussian Distribu-

tion 

If p(E) = 0 for E < 0 in Eq. 41, normalisation gives 

p(E)dE= R e [ 2 ]dE 	 (49) 

where 

R 
= 

~fp(E)dEj.l,  E>0  

R = 	0, E<0  

This eliminates the need for Terrell's ad hoc correction, b and Eq. 43 

becomes 
1 

&E— 
VP 2 

and now Eq. 46 becomes 

	

p(n)=— 
[ 	

j+f[%2]} 	 (53) 
R { f[v_vp+1 n=0 

This formula still assumes evaporation from one effective fission fragment. 

If one assumes neutron evaporation from 2 separate fragments, which is a 

more correct physical assumption, then the TRDG is obtained. 

3.4.3 The Truncated Renormalised Double Gaussian 

Distribution 

Assuming neutron evaporation from two fragments, the probability of 

getting a total of v neutrons is now: 

	

p'(v) 
= 	

i)p(vi) 	 (54) 

This, therefore, gives the TRDG distribution: 

V 
R2 

p'(v) = 	
() 

xff i— (V
P 

/2)+ 
-f 

i—(v/2)— 

wW 	wW 

xlf 
~ V_i_(yp/2)+' 1

-f 

~V_i_(yp/2)— ~''l 
wW 	 W1 v"2- 	J 
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where 

R - - - 
	LW/J) 	

(56) 

However, now there is no direct association between V and vi!,  and between 2 

and W. v,, and W are now simply adjustable parameters of the distribution. 

V and if 2  are calculated from 

V = >vp'(v) 	 (57) 
v=O 

= 	(v—V)2p'(v) 	 (58) 
v=O 

In fact, it does turn out that is quite close to V and W to the variance. 

The TRDG distribution fits the spontaneous fission multiplicity distribu-

tions very well, much better than the Terrell distribution. For this reason, 

and the fact that there are still only 2 adjustable parameters, this is the 

distribution used to analyse the present data. 

3.4.4 Efficiency Correcting the TRDG 

The data taken above the (y, n) threshold will include neutrons of two 

different mean energies (fission neutrons and photoneutrons), which will 

in turn have slightly different efficiencies of detection as it will be remem-

bered from § 2.5 that the efficiency of the detector is a slowly decreasing 

linear function of mean neutron energy. For this reason, the experimental 

multiplicity distribution cannot be just corrected to the form it would have 

for a 100 % efficient detector. Instead, the TRDG multiplicity probabilities 

are weighted for a gated fission neutron detection efficiency of e yf  following 

the formula of Baron et al. [Baro 661: 

q(i) = 	C(1 - £ f)p'(j) 	 (59) 

where p'(f)  is the TRDG probability distribution of Eq. 55, q(i) is the 

efficiency weighted TRDG distribution, C is the normal binomial coefficient 

and j,,,,,, is the highest probability considered (in this case, 7). 
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3.4.5 Data Fitting 

If the theoretical distribution is in the form of probabilities, q(i), and the 

corrected data multiplicities, c(i), are in the form of actual counts, then the 

theoretical distribution needs to be converted into counts if the data are to 

be fitted. 

Unfortunately, one does not know the number of 0 neutron fissions 

(and also 1 neutron fissions above the (y, n) threshold). So the theoretical 

probabilities, q(i) are multiplied by a normalisation factor N: 

Tr.c(i) 
q(i) 

where imin = 2 above the (y,  n) threshold and imin = I otherwise, and 

therefore the theoretical fission count distribution, t(i) is of the form: 

t(i) = Nq(i) 
	

(61) 

fort = 1 t 7. 

Now, one can fit the values, t(i), to the data, c(i) varying the 2 parameters 

of the TRDG until the minimum x2  of fit is achieved. Minimisation 

is achieved using the Harwell subroutine, VA04A [Powe 64] which can 

minimise a function of n variables. 

If the errors in the corrected data were uncorrelated, x2  would have the 

familiar form: 
ma. 

x2  = 	' 3c(i) ) 	
(62) 

17th, 

where 5c(i) is the error on c(i). However, in the present case the generalised 

form of x2  needs to be used, taking account of correlations between errors. 

This is where the variance matrix, V 1  of § 3.3 comes in: 

= 	 (63) 

where r, are the residuals such that: 

r=t(i)—c(i) 	 (64) 

and V is the inverse matrix of Vi,. 
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3.4.6 Errors on the Fits 

The errors on the values of vAT,  and W are calculated in a similar manner 

to that described in § 3.3 for the corrected data. The fits are repeated with 

the distributions perturbed by a random amount appropriate to the errors 

calculated during the correction stage. The standard deviation of the 25 fits 

then gives the error on the parameters much as before. 

3.4.7 Fixing Parameters During Fits 

Initially, fits to the experimental multiplicity distributions are carried out 

allowing both vi,, and W to vary until the lowest x2 is achieved. It is found, 

however, that W has almost a linear dependence with energy. What is more, 

there is an anti-correlation between vAT,  and W so that when v,, goes up, W 

goes down and vice versa. Therefore, any scatter in W is almost certainly 

due to random errors and by fixing W to a linear fit and refitting allowing 

only v to vary, one can eliminate scatter in v,, whilst also reducing the 

errors. 

In the final fit, as the quality of the data had been degraded in the 

experiment by such a large background, both v, and W were fixed to a 

linear fit to obtain the cross section with the smallest errors. This can 

be partly justified as V (and so v) should in theory have just a linear 

dependence on energy. For many actinides, (and in this experiment also) 

there are slight deviations from this hypothesis, however this makes only a 

small difference to the actual values of the calculated cross sections. Indeed, 

errors in the cross section are dominated by errors in the corrected yield 

rather than errors in v and W. 

3.4.8 Calculating V, the Number of Fissions and the 

Number of Photoneutron Events 

Once the multiplicity distribution data have been fitted, the appropriate 

number of photofissions, photoneutron events and V can be calculated. 
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As stated in § 3.1, the TRDG is fitted to the sum distribution as this has 

the best statistics and V is believed to change slowly with energy. Therefore, 

V is given by: 
7 

V = 	ip'(i) 
	

(65) 
i1 

where p'(i) (see Eq. 55) is calculated using the best fit values of v,, and 

W. However, to find the number of fissions and photoneutron events, one 

needs to look to the difference distribution which accurately reflects the 

yield difference in going from the lower to the upper energy. As the sum and 

difference distributions should have almost the same shape then values of 

v and W should apply equally well to both. For this reason and by analogy 

with Eq. 60 the number of fissions is given by: 

Lma 

N7f  = >izim jn  Cd(l) 	 (66) 
1:: q(i) 

where q(i) (see Eq. 59) has been fitted (with the best values of vp  and W) to 

the sum distribution. The number of photoneutron events as then given by 

Nyn - 
- Cd(1)td(1) 	

(67) -  
£yn  

where td(l)  is the theoretical number of multiplicity 1 fissions in the 

difference distribution given by: 

N1fq(1) 	 (68) 

and s is the average efficiency of detecting (y, n) neutrons. 

High- and Low-Rate Runs 

It was mentioned in § 2.7.3 that in the first set of runs there were problems 

with the drift in measuring the P2 current at the very small beam currents 

used in order to keep the event rate down at higher energies where the 

yields are higher. This was solved in the second set of runs by measuring 

the P2 "background" throughout each run. However, for the first set of 

rims a procedure was followed whereby low-rate (low beam current) and 
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high-rate (high beam current) runs were carried out at energies greater 

than 8.0MeV. 

The low-rate runs (at 0.5 MeV intervals) had low enough event rates 

to be accurately corrected for overlap but had inaccurate values of the 

P2 current due to drifting. The high-rate runs (at 0.2 MeV intervals) had 

event rates too large to be corrected for overlap, but were carried out at 

P2 currents sufficiently high to make drifting negligible and so reflected 

accurately the absolute yield of neutrons for that run. 

Firstly, the low-rate run P2 chamber readings were corrected to give 

the same overall yield per unit charge using the high-rate runs. Then 

the low-rate runs were corrected and fitted following the procedures of 

the previous sections. The final high-rate yields of difference fission and 

photoneutron events were then normalised to the total corrected low-rate 

yield of difference neutrons by multiplying the total high-rate yields by the 

factors: 

X f  
Nf 	

(69) = 
fld 

( x.yn 	 70)  = 
lid 

where fld  is the total corrected low-rate yield of neutrons in the difference 

distribution. These ratios were assumed to have a smooth linear dependence 

on energy and so a linear interpolation was then made for all energies 

between these points. In fact, the ratios vary very little over the 8.0 to 

10.0 MeV range. For each of the high-rate runs, the total yield of difference 

neutrons was determined (corrected for all but event overlap). This value 

when multiplied by X7f  and X,n  gives the yield of fission and photoneutron 

events respectively, for the high-rate runs. 

3.5 Unfolding the Cross Sections 

The yields obtained are essentially the cross sections of interest convoluted 

with the shape of the bremsstrahlung spectrum. This section describes how 
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the yields are unfolded to produce the final cross sections as a function of 

monochromatic photon energy (with finite resolution). 

3.5.1 The Shape of the Bremsstrahlung Spectrum 

To unfold the cross section one needs to know the shape of the bremsstrah-

lung spectrum. Figure 3.1 shows the spectrum calculated by Tseng and 

Pratt [Tsen 791 (dotted line) which assumes an infinitesimally thin radiator 

and a monochromatic electron beam. This has a cut-off at the electron en-

ergy, Ee. In reality, the radiator has thickness and the electron beam has an 

energy spread so that this cut-off is smeared by various perturbing effects 

such as energy losses due to ionisation and radiation in the bremsstrahlung 

radiator as well as the angular distribution of electrons in the incident 

beam. Findlay [Find 83a] calculated the bremsstrahlung spectrum taking 

into account these effects and obtained the curve as shown in Figure 3.1 

(solid line). This smearing effect has certain consequences in the unfolding 

process which will be discussed in the following section. 

3.5.2 The Mathematics of Unfolding 

An accepted method of bremsstrahlung unfolding uses the Penfold-Leiss 

Method [Penf 59]. 

Setting aside for the moment the two energy magnet cycling technique 

used in this experiment, if one has measured the yield Y at a bremsstrahlung 

end-point energy E then 

Ikthr 

E 
Y(E) =N(E, k)a(k)dk 	 (71) 

where k is the photon energy, kthr  the threshold energy for cross section 

a(k), and N(E, h) is the bremsstrahlung spectrum for end-point energy E 

and photon energy k. (N.B. This equation neglects various scaling factors 

which do not affect the argument). 

The yield Y(E) is actually measured at a series of discrete energies E 

where E, —E_1  = A and A is the energy bin width. The Penfold-Leiss method 
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Figure 3.1: The bremsstrahlung spectrum calculated by Tseng and Pratt 

(dotted line) and Findlay (solid line). 
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takes appropriate linear combinations of these yields: 

	

= >BY(Ej) 	 (72) 

such that 

	

a[E —0(A)] 	 (73) 

where 0(A) is a quantity of the order of A. This linear combination assumes 

that the cross section is very small for E = E1  (the first and lowest energy 

point) and negligible for any energy less than the first point. B 1  is chosen 

so that 

A>BN(Ej, Ej, 

	

- 	) 	= 6 ii, 	 (74) 

B, forms the inverse bremsstrahlung matrix and 5 ji,  is the Kroneckerdelta 

function. Substituting Eq. 71 into Eq. 72 and noting that N(EJ, k) = 0 for 

k > E3  the cross section, a, becomes 

= : 
I1BuiNj, k)] a(k)cik 

= 	
T(k)a(k)dk 	 (75) 

J  

where 

	

T(k) = >BJ\r(EJ, 	k) 	 (76) 

is the weighting function. This function is basically a linear combination of 

bremsstrahlung spectra with endpoint energies differing by A and should 

have the following properties: 

. It should be zero for k > E. 

. It should have a peak of width - A at  =E-0(A). 

It should converge quickly i.e. only the first few terms should be 

important (so that statistical fluctuations in certain cross section 

points effect other points as little as possible). 

9 It should have area unity. 
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Energy Interlaced Electron A Photon 

Range Energy Energy Energy 

(MeV) Step Spread Resolution 

(keV) (Slit Width) (keV) 

(%)  

5.7--6.4 100 (50 keV 2-fold) ±1 1.75 130 

5.6--8.0 200 (lOO keV 2-fold) ±1 1.50 220 

8.0--10.0 500 ±1 0.75 500 

Table 3.1: The resolutions appropriate to each value of A used to unfold in 

the present experiment where interlacing is explained in § 3.5.5. 

However, because of the smearing at the end of the bremsstrahlung spec-

trum as shown in Fig. 3.1 for the Findlay calculation, if the interval A is 

about the same size as this spread, the weighting function may give rise 

to wild oscillations and become unusable as in Fig 3.2 where the resultant 

weighting function is shown as a solid line. To get around this Findlay 

[Find 83b] introduced a damping factor, A which suppresses these oscil-

lations at the expense of the resolution. With this modification Eq. 74 

becomes 

A>B,jN(Ej, E j,  - AA) = 5ii, 	 (77) 

Fig. 3.3 shows an example of this function made up of added and subtracted 

bremsstrahlung spectra where, again, the resultant weighting function is 

shown as a solid line. The greater the value of A, the greater the "damping 

width" and the less the resolution. The A factor becomes more significant 

for the finer resolution work as shown in Table 3.1. The best values of A 

for which the oscillations are suppressed but the resolution preserved are 

found approximately from the relation 

AA = 3E,,pread 	 (78) 

where 3E,,pread  is the energy spread of the electron beam incident on the 

radiator. 
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Figure 3.2: Oscillations in the Penfold-Leiss weighting function as the 

function is forced to go through the midpoint of each bin between i and i +1. 
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Figure 3.3: The bremsstrahlung weighting function with A factor changed 

from 1/2 to 3/2. 
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3.5.3 Unfolding the Energy Pair Data 

Taking Eq. 72 and writing out a few of the terms gives: 

al  = B11Y1 	 (79) 

= B21Y1  +B22Y2 	 (80) 

= B31Y1  +B32Y2  +B33Y3 	 (81) 

ai  = B 1Y1  +B 2Y2  +B 3Y3  ±• +BY 	 (82) 

so that 

ai  = B 1(Y - 

+(B,_1  +B)(Y_1  - 

--(B1,_2  +B,_1  +B1,)(Yi_2  - Y_3) 	 (83) 

which implies that 

ai = >(>Bim)LYi 	 (84) 
j=1 m=j 

where AY1  are the yield differences Y, - Y,_1. If one defines 

(85) 

then the leading term is AY1  and the Aij  series converges rapidly as j is 

decreased. 

3.5.4 Anomalies in Unfolding when Starting from Dif-

ferent Yield Points 

In § 3.5.2 it was mentioned that the unfolding method assumed that the 

cross section was negligible for energies lower than the lowest energy point 

to be unfolded. If one unfolds yield data starting at the reaction threshold 

this assumption is reasonable. If however, one unfolds from say 3 MeV 

above threshold (at a change of energy bin widths, for instance) then this 

assumption is no longer so true. In fact, unfolding from this point results in 
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a slight overestimate of the first couple of cross section points. Therefore, a 

small correction needs to be made to these two points. 

Assuming that the expression for a cross section point (Ti converges 

rapidly i.e. one need only consider the last three terms of the series 

(remembering that A 1  rapidly becomes 0 for decreasingj), then 

(Ti = A,,AY, +Al)AYl +A 2) AY 2 
	 (86) 

But for the first unfolded point, the last two terms in Eq. 86 are normally 

assumed to be 0. Similarly, for the second unfolded point the last term is 

assumed to be 0. So, when unfolding starts at an energy below which the 

yields are not negligible, the first and second points must be multiplied by: 

	

kcorri 
- 	 for the first point 	(87) 

	

- 	 AYj 

	

kcorr2 - 
- 	 for the second point 	(88) 

JYj+A(j.1)Yj_1 

To estimate the values of these corrections, one should calculate what these 

corrections would be for the third and fourth cross section points, using 

the values of the yield difference bremsstrahlung matrix Aij  and then use a 

linear extrapolation back to the first and second points. 

In this calculation, the yield was assumed to be roughly constant over 

this small range so that Y, Y_1. This correction is therefore an upper limit 

as the yield is actually rising with energy, but to do the calculation to any 

higher order simply complicates the argument for little gain in accuracy. 

3.5.5 Interlacing Data Runs 

To improve the statistics and hence reduce errors, it was found necessary 

to interlace the data. 

Interlacing means adding the corrected yield differences from neighbour-

ing energy runs, fitting as before, but then unfolding the yield differences 

which are now spaced by 2isE as opposed to AR where AR is the energy step 

for the series of runs. The summations are then "offset" by one and the 

calculations repeated i.e. by first adding together corrected yield differences 
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from runs 1 and 2, 3 and 4, 5 and 6, etc. fitting and unfolding, then adding 

together corrected yield differences from runs 2 and 3, 4 and 5, 6 and 7, 

etc. fitting and unfolding to give two interlaced sets of results where the 

errors are reduced but the resolution halved. This particular procedure is 

known as 2-fold interlacing. 3- or 4-fold interlacing can be performed by 

adding 3 or 4 neighbouring yield differences and offsetting the summations 

2 or 3 times respectively for each fit and unfolding. Obviously, this will 

improve the errors still further but reduce the resolution. In this analysis it 

was thought necessary to do only 2-fold interlacing to bring down the errors 

whilst still preserving sufficient resolution to see any apparent structure in 

the cross sections. 

3.5.6 Normalisation of Yields 

The final yields need to be normalised to the same number of electrons 

incident on the bremsstrahlung radiator in order to obtain the final cross 

section as the bremsstrahlung spectra N(EJ, k) used in the unfolding are for 

photons per MeV of photon energy per electron. 

The number of incident electrons for a ran is obtained from the P2 

corrected charge from the equation 

Ne = JN(E, k)ef(k)tfS(k)kdk 	
(89) 

where all the quantities are defined as before. 

3.6 The Delayed Neutron Yield 

3.6.1 A Description of Delayed Neutrons and their Im-

portance 

After fission, the fission fragments are unstable i.e. off the Z-N stability 

line and neutron rich as shown in Fig. 3.4. The fragments then a-decay 

towards the stability line. However, if the fragments are still unstable 
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Figure 3.4: Fission fragment decay towards the Z-N stability curve 

(schematic representation). 

and have sufficient excitation energy, they will occasionally emit neutrons 

known as delayed neutrons. These neutrons are important in the control 

of a chain reaction. In a normal reactor, the neutron flux is controlled so 

that the reactor core is marginally sub-critical for prompt fission neutrons. 

Delayed neutrons occur on a much longer timescale than prompt neutrons 

(i.e. > 10 s as opposed to < 10_14  s for prompt neutrons3), and if used to 

make the core critical, will offer a much better way of controlling the chain 

reaction within safe limits than using prompt neutrons alone. Hence a 

knowledge of the delayed neutron yield for actinides and how it agrees with 

theory is important, especially in helping to determine this parameter for 

91 

Z=N 

3e.g. the delayed neutrons from the fission fragment nuclide "Br have a half life of 

54.5s 
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fissile materials which might be used in future reactors. 

3.6.2 Detection of the Delayed Neutrons 

The delayed neutron yield was detected in much the same way as Dowdy et 

al. [Dowd 741. The background gate is normally considered to record events 

unconnected with fission or photoneutron events. However, as delayed 

neutrons occur on a timescale much longer than fission neutrons, delayed 

neutrons will be detected in the background gate. Unfortunately, the de-

layed neutron yields for actinides are quite small (at most a few percent) and 

will constitute only a small perturbation to the (a, n) background neutrons 

recorded. Nonetheless, the high-rate runs (§ 3.4.8) show a noticeable effect. 

Fig. 3.5 shows a plot of how the background event rate varies with 

increasing spectrum count rate. Note that the net spectrum rate has not 

been dead time corrected as this would be negligible. There is a large cluster 

of points near zero net spectrum count rate. These are the normal low-rate 

counts kept within limits so that the overlap correction is valid. These 

points are used to find the limiting background level in the absence (or near 

absence) of delayed neutrons. As the net spectrum count rate is increased, 

the background rate is seen to go up noticeably as the delayed neutron yield 

makes itself conspicuous above the (a, n) background. The slope of this line 

is used to find the delayed neutron yield. 

3.6.3 Calculation of the Delayed Neutron Yield 

All the high-rate runs were carried out well above the (y, n) threshold. The 

low-rate runs suggested a fairly constant ratio of photoneutrons to fission 

neutrons and also a fairly constant value of V over this range. If the delayed 

neutron lifetimes are much greater than the time between beam bursts and 

there are on average N f  fissions/second and Nn  photoneutrons/second at 

the beginning of each spectrum gate, giving ydNf delayed neutrons/second 

(where yd is the number of delayed neutrons/fission) over all time, then the 
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number of detected neutrons/gate in each spectrum gate S is given by 

S = gE f vN fT+ 

gseyn  N fT + 
N f  

EdtydNf + 

C 	 (90) 

where the first term is due to prompt fission neutrons, the second term is 

due to photoneutrons, the third term is due to delayed neutrons and the 

fourth term is due to the (a, n) and ambient background, T is the time 

between beam bursts and is 2000 is in this case (see Fig. 2.13), t is the gate 

width, E y f is the ungated efficiency of detection of photofission neutrons, yn 

is the ungated efficiency of detection of photoneutrons, d is the efficiency of 

detection of delayed neutrons, V is the mean number of prompt neutrons per 

fission and g, is the gating factor for the spectrñm gate. A similar expression 

exists for the number of neutrons/gate detected in the background gate B 

B = gbE f vN fT+ 

N 
9b yn --NfT + 

IYf 

EdtydNf + 

C (91) 

where the four terms result in the same way as Eq. 90 and g, is the gating 

factor for the background gate. Subtracting Eq. 91 from Eq. 90 gives the 

background subtracted spectrum gate rate 

(S-B) = (g- g) 	 (92) 
N f  

Combining Eq. 92 and Eq. 91 gives 

1 	
(9b + 	

Sdtyd 

9. -9b 	(fv+Eflf)T) 
(S-B)+c 	 (93) 

If one makes a substitution such that 

B=kS+c 	 (94) 
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then the quantity k is the slope of the line in Fig. 3.5 so that 

1 
(g+ 	Ed NYd 	 (95) 

98 — gb 	Te7f v+E Nf  j 

and the delayed neutron fraction is then 

(g — gb)k — g,, 
Yd 	t Nf  

T VN1-i-N 

(96) 

where it is assumed that 

Eyj' = Eyn = Ed 	 (97) 

as the efficiency response of the detector is a fairly flat function of energy 

over the region of interest and. the dominant error is in the slope of k. 

Fig. 3.5 shows how the background subtracted spectrum rate (which is 

essentially (S —B)) varies with the background rate (which is essentially B). 

The numbers plotted are in terms of 1000's of gates. 



Chapter 4 

Results 

4.1 A Summary 

This chapter will present the best fit cross sections for the a, o,,, and V as 

well as a tentative figure for the delayed neutron yield from 241Axn. The cross 

sections are compared with few previous measurements in the literature 

noting any clear structure which might be seen. The cross section values 

and the values of V have, for convenience, been tabulated in Appendix A. 

It has been mentioned before but will be reiterated that the quality of 

the data was not as good as might be desired, however in light of the fact 

that very little data has been taken for this isotope with the resolution of 

this experiment, these cross sections still represent at least a significant 

contribution to the available data for photonuclear reactions of 241jj 

4.2 The Results for i, c, V and the Delayed 

Neutron Yield 

4.2.1 cr yf  

Fig. 4.1 shows a semi-log, plot of the photofission cross section of 241Am over 

the energy range studied in this experiment for the first set of runs referred 

to henceforth as the '88 data. The data were taken at 100 keV steps and the 
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Figure 4.1: The photoflssion cross section from the '88 data. 

interlaced, unfolded resolution is 220 keV throughout. The fit was carried 

out with both vi!,  and W fixed as explained in § 3.4.7 to reduce the errors as 

much as possible. Note that systematic errors are not included such as the 

uncertainties in the energy calibration, the calibration of the P2 chamber 

and the value of V (see § 4.2.3), and these could amount to up to 5%. 

Fig. 4.2 shows the '88 data taken between 5.6 and 8.0MeV at 100 keV 

steps with 220 keY interlaced and unfolded resolution. Fig. 4.3 shows the 

second set of runs (the '90 data) taken within the same range. Note that the 

cross sections were calculated using 2-fold interlacing. 

The two sets of runs were analysed separately due to the different 

running efficiencies of each set. Furthermore, having two independent sets 

of data acts as a consistency check whereby if the same detail is seen in 

both sets of results one can have more confidence in this detail. 

It will be noted that there are larger errors on the points after the opening 

of the (y,  n) threshold and up to about 8 MeV. This reflects the decrease in 
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Figure 4.2: The photofission cross section between 5.6 and 8.0 MeV from the 

'88 data. 
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'90 data. 
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statistics from fitting only multiplicities 2 and above for the 100 keV steps 

data. The '88 data were taken at 200 keV intervals between 8.0 MeV and 

10.0 MeV in order to find the yields in this range and at 500 keV intervals to 

carry out the fits. The data are quite smooth in this region which is partly 

reflected in the fact that the ratio of the (y, f) to (y, n) events were averaged 

from the fits to the 500 keV data. This average was used to find the cross 

sections resulting from the 200 keV data as explained in § 3.4.8. This is 

not an unreasonable approach because at these energies a large number 

of fission channels would be expected to be open thus smoothing out any 

irregularities in each individual channel. Furthermore, any barrier effects 

should be small as this energy range is well in excess of the barrier heights. 

Though some form of a dip near the (y, n) threshold at 6.63 MeV is seen 

in Fig. 4.2 and Fig. 4.3, the fact that the dips in the two data sets do not 

exactly coincide coupled with the fact that a further large unexplained dip 

occurs in both figures near 7.3 MeV suggests that this structure might be 

caused by the onset of instability in the unfolding procedure. 

It has been shown from previous (y, f) measurements (e.g. [Find 86, 

Find 87, Know 8211) that structure in the (y, f) cross section is often observed 

near the fission threshold where the number of contributing fission channels 

is small. In order to help clarify this region, further data were taken at 

50keV steps between 5.7 and 6.5MeV. Fig. 4.4 shows the 'raw' yield 

differences in counts//LC. The cross section obtained from the raw yield data 

shown in Fig. 4.4 produces a very wide spread of points from which it is 

difficult to conclude any shape to the cross section. The reason for this is that 

Fig. 4.4 uses no information about the shape of the multiplicity distribution 

but simply indicates the background subtracted neutron yield differences. 

Fitting the corrected data (even with both vAr, and W fixed) assumes a 

theoretical distribution which is not in fact a very good fit of the corrected 

yield difference multiplicity distribution due to the poor statistics and the 

effect of correcting for a large background in the difference distribution. 

Furthermore, fitting uses event yield differences as opposed to neutron yield 
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Figure 4.4: The raw yield differences from the 50 keV data. 

differences the former having larger fractional errors. Unfolding the fitted 

event yields makes the problem worse as each point contains information 

about the previous points (see § 3.5.2) so any wild fluctuations in the fitted 

yields due to poor statistics is amplified in the unfolding procedure. Possible 

structure in the raw yield differences is seen in Fig. 4.4 between 6.0 and 

6.1 MeV but the errors are too large to say there is definite evidence for 

a resonance at this point. By 2-fold interlacing the 50 keV data the wide 

spread of points is reduced at the expense of the resolution. The 2-fold 

interlaced 50keV data (see Fig. 4.5) may show evidence for a peak at 

-6.0 MeV but statistically this is not significant. 

Fig. 4.6 shows the '88 data compared with measurements carried out by 

Zhuchko et al. [Zhuc 78].  Similarly, Fig. 4.7 shows the '90 data compared 

with measurements of Zhuchko. It can be seen that there is good agreement 

in both cases, though Zhuchko's data has insufficient resolution to show any 

real structure. Zhuchko's data are the only other comparable photofission 
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Figure 4.5: The photofission cross section from the 50keV data. 

measurements carried out on 241Ain in this region. However, charged 

particle induced fission of 241Am has been studied by Back et al. [Back 74b]. 

Though charged particle induced fission excites far more reaction entrance 

channels and hence fission channels than in the case of photofission, (see 

Fig. 1.6) the two sets of results can nonetheless be compared by plotting 

the fissility i.e. the fission cross section divided by the total reaction cross 

section. As the total absorption cross section is not known over the range 

from the fission threshold to the neutron emission threshold, this cross 

section is approximated by the giant dipole resonance in the form of a 

double Lorentzian curve [Zhuc 78].(The use of two Lorentzians reflects the 

splitting of the GDR due to the non-spherical shape of the actinide nuclei). 

Note again Fig. 1.5. 

The shape of the dipole photon absorption cross section across the 

actinides is known to change only very slowly, hence a fit can be made to 

the double Lorentzian for all available actinide data and used for the case 
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Figure 4.6: The photofission cross section from the '88 data compared with 

Zhuchko et al. 
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Figure 4.7: The photofission cross section from the '90 data compared with 
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of'Am(see again [Zhuc 78]). The best fit between 610 MeVgives 

a a1(Ey) 	
(FE)2 	

(98) = 
i=1,2 

with the parameters a1  = 250mb, E1  = 10.5 MeV, F1  = 2.5 MeV, a2 = 300 mb, 

E2  = 14 MeV and F2  = 4.5 MeV. The fissility is then 

Pf 
 a f 	

(99) 

assuming predominantly dipole absorption. Fig. 4.8 shows the fissilities 

of the '88 data compared with Zhuchko and Back. Back's data was ob-

tained from the reaction 240Pu(3He,df)241Am where a large number of decay 

channels is involved above the fission threshold due to the varied angular 

momenta brought in by the incident 'He ions giving the overall fissility as 

a function of energy E 

Pf (E) = E a(EJIr)Pf (EJir) 	 (100) 
J,t 

where P f(EJIr) is the fissility of an individual fission channel with angular 

momentum J and parity ir at energy E and a(EJir) is the normalised 

probability of exciting a compound state EJrc (see § 5.2.2). In the case 

of photon induced fission on an odd-A isotope such as 241Am though the 

absorption is predominantly El, one can still excite a broad set of fission 

channels because of the non-zero ground state spin. One would expect, 

therefore, to excite a similar broad spectrum of channels in photofission 

to those in particle induced fission. This explains the reasonably good 

agreement of the fIssilities of the photofission data and the charged particle 

induced fission data, though obviously any resonant structure is still more 

likely to be seen in the photofission data. 

4.2.2 a)fl 

Fig. 4.9 shows the (y,  n) cross section for both the '88 and '90 data. The 

large spread of points from threshold to 8.0 MeV reflects the difficulty in 

extracting a cross section from data with a large background and a small 
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Figure 4.9: The photoneutron cross section obtained from the '88 and '90 

data. 

neutron emission width compared to fission width when using the TRDG. 

One can only say that these data points are not inconsistent with a (y, n) 

threshold at 6.63 MeV [Elli 851. 

The points above 8.0 MeV were calculated by using an average of the fits 

to the 500 keV data to give the ratio of (y  n) to (y, f) events over the range 

8.0--10.OMeV and should give a reliable estimate of the magnitude of the 

cross section over this range. 

There are no other (y, n) data with which to compare the present results. 

4.2.3 V 

Fig. 4.10 shows a plot of the average number of prompt neutrons per fission 

against mean photon energy. As the data were fitted with the TRDG first, 

these points have not been unfolded but instead have been plotted as a 
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function of mean photon energy given by the expression 
- fEe N(Ee, k)cr7f (k)kdk 
- fREe N(Ee, k)af(k)dk 	

(101) 

where all the quantities are defined as before. Note that the data is not 

interlaced. 

The data show a small decrease in V with increasing energy for the 100 

and 50 keV data between 5.5 and 6.8MeV and an increase for the 500 keV 

data points between 7.0 and 8.0MeV. There also appears to be a sudden 

jump at about 5.7 MeV which might be a problem with the analysis. The data 

were obtained by fixing W to a straight line fit to reduce errors. It is worth 

sounding a note of caution in reading too much into these data points. It 

was found that fitting the 50 keV data allowing both vi,, and W to vary freely 

resulted in unrealistically increasing values of V with decreasing energy. 

Once W is fixed to values obtained from the 100 keV data this goes away 

but makes one suspicious about believing the trend when fitting to data 

with poor statistics near threshold and a large background. Furthermore, 

the 500 keV points which are data taken over a broader range show a 

slight increase with increasing energy which is more as one would expect. 

Despite this however, the change over 5.7--8.OMeV is comparatively small 

(the cross section data calculated were fitted with v,, and W in this range) 

and any uncertainties in V make only a small (at most -5%) uncertainty 

in the evaluated cross section. This coupled with the fact that the Zhuchko 

and Harwell data agree quite well leads one to believe that at least the 

magnitude if not the trend of V is correct, and therefore can be taken to be 

3.05 ± 0.15 over the range of interest (neglecting the points below the jump 

at 5.7MeV). 

Again there are no other data with which the present results can be corn-

pared directly. However, V data for photofission of other actinides [Berm 861 

show a trend of increasing V with energy (dV/dE = 1/7 for neutron induced 

fission). Measurements on 232Th and 238U [Find 86, Find 87, Cald 801 have 

also shown increasing V with decreasing energy near fission threshold. 

Measurements by neutron induced fission of 233U, 235U [Bold 761 and 232Th 
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Figure 4.10: V obtained from the '88 and '90 data. 

[Caru 77] also show an increase in V with decreasing energy near the fission 

threshold. These results suggest that further investigation in this region 

should be carried out. 

4.2.4 The Delayed Neutron Yield 

The evaluation described in § 3.6.3 gave a value for the delayed neutron 

yield of 0.43 ± 0.72% per fission. This value, when plotted with similar 

data for other actinides [Wald 81] agrees with the general trend though 

the error is very large. This large error reflects the fact that the dominant 

contribution to the slope in Fig. 3.5 is the ratio of the background and 

spectrum gating factors (gb/gs )as can be seen from Eq. 95. The dotted line 

in Fig. 4.11 shows a least squares fit to the data assuming an exponential 

dependence on neutron excess i.e. 

yd(per 100 fissions) = exp(16.698— 1.144Z+0.377A) 	(102) 
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where Z, and Ar  are the composite charge and mass of the fissioning nucleus 

so for example, neutron induced fission on the nucleus X results in the 

composite fissioning nucleus 

The error on the present result is quite large as the experiment was not 

designed to measure this value and was only possible due to the high-rate 

runs. Obviously, to reduce this error one would have to run at much higher 

yield rates to extend the plot shown in Fig. 3.5 in order to see the value 

Of yd more clearly above the factor of gb/g8.  Reducing the ratio of the 

gating factors by having the background gate further away in time from the 

spectrum gate would be the best way to reduce gb/g9  and make the delayed 

neutron yield stand out more clearly. 
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Figure 4.11: Comparison of the delayed neutron yield of 241 in with other 

actinides. 



Chapter 5 

Theory 

5.1 Introduction 

Ever since the discovery of fission, people have tried to relate the shape of 

the fission barrier to the shape of the fission cross section. This chapter 

describes an attempt to try and fit a fission cross section to the three 

actinides studied at Harwell, i.e. 232Th, 238U and 241jm. Fits are made using 

contemporary theory with the best experimentally deduced parameters for 

these isotopes. The resulting theoretical cross sections are compared with 

experiment and an attempt is made to explain any failings within the 

framework of the theory used. 

5.2 The Fission Process 

5.2.1 Decay of an Excited Actinide Nucleus 

When an actinide nucleus is excited in a photonuclear process, it can 

decay in a number of ways. Fig. 5.1 shows a schematic diagram of the 

competing processes within the framework of the double-humped fission 

barrier hypothesis. 

The nucleus is initially excited into some continuum state in the first 

well of the fission barrier. From there it can either y-decay to a lower state 

112 
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Figure 5.1: Competing processes in the decay of an excited actinide nucleus. 
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in the first well, emit a neutron to decay to an  - 1 nucleus, fission directly 

by "tunnelling" through both humps of the fission barrier (in the form of 

a fission "wave" quantum-mechanically tunnelling through a barrier) or 

tunnel through the first hump into the second minimum of the fission 

barrier. In the final case, further decay can occur by y-decay to a lower 

state in the second well, decay back to the first well by tunnelling through 

the first barrier or isomer fission following y-decay in the second well by 

tunnelling through the second barrier. 

The barrier height "seen" by the fission wave depends on the fission 

channel (represented by a series of peaks at the saddle points as shown in 

Fig. 5.1). The photofission cross section is given by the equation: 

47,Ya1>Ty(EJ70 	 1 
cr,yf= 	

V 	 I 	(103) 
j7r

L 	
>T(EJ7r) + >T(EJ7r) + >T(EJlr) 

V 	 JU j 

where c4EJ7r) is the normalised probability for populating states with 

angular momentum J and parity ir in the target nucleus, a,, is the photon 

absorption cross section corresponding to the multipole order 1 of radiation 

absorbed, T, T, Tj are the fission, ,y and neutron transmission coefficients 

respectively and v, u, 4 are summed over all available fission, y emission 

and neutron emission channels for the populated state EJ,r in the target 

nucleus. These will be discussed in the following sections. Eq. 103 neglects 

any double-weighting of channels with K # 0. 

5.2.2 The Compound Nucleus 

Niels Bohr first proposed the compound nucleus theory, the development 

of which is described in a review article by Rudinger and Peierls [Rudi 861. 

He suggested that when a nucleus is excited by a particle or photon, the 

energy it receives can be shared by the entire nucleus, so it retains no 

memory of how it was formed. The only parameters which determine 

the nucleus's future are the imparted energy and angular momentum. 

The excited nucleus can then decay through a series of reaction channels, 
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including fission channels. As stated in the opening chapter, Niels Bohr's 

son, Aage Bohr proposed the channel theory of fission [Bohr 561, namely 

that fission occurs via a small number of states similar to those near the 

ground state of the nucleus, whereby most of the excitation energy is taken 

up in deformation leaving the nucleus thermodynamically cold. It is with 

this in mind that the even-even actinide isotopes have been studied in great 

detail by many groups. 

The normalised probability a(EJir) for populating states with spin J and 

parity ir is given by the general normalised density of states factor: 

a(EJn) - 
	(2J+ 1)exp[—(J+ 1)2/2ci2] (104) 

- >j 1(2J + 1) exp[—(J + l)2/2 y2} 

where cYA is the spin cut-off factor for a nucleus of mass A and the summation 

is taken over all allowable excitations. In this analysis, only El and 

E2 excitations are considered (higher order excitations are too small in 

magnitude to contribute to the cross section significantly). 

5.2.3 Low-Lying Even-Even Nuclei Fission Channels 

Two of the most widely studied actinides'212Th  and 238U, (which both occur 

naturally) are even-even isotopes i.e. the protons and neutrons in these 

nuclei are all paired. This implies that the lowest lying excitations are 

collective and few in number until sufficient energy is imparted to the 

nucleus to break a pair to give rise to a continuum of particle excitations. 

The collective excitations are labelled by the quantum number "K". This is 

thought to be a good quantum number between saddle and scission. K is 

the projection of the angular momentum of the nucleus Jon the fission axis 

(Fig. 5.2). Onto each collective excitation is built a rotational band to give 

the spectrum of levels shown schematically in Fig. 5.3. The quantities Y' 

are Legendre polynomials in terms of which the nuclear shape is described. 

The energies of the rotational states are given by: 

Erot(J, K) =(h2/21)[J(J + 1) - K(K + 1)] 	 (105) 

where I is the moment of inertia of the nucleus. 
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Figure 5.2: K: The projection of J onto the fission axis. 
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Photon excitation excites predominantly dipole (El) with some quadru-

pole (E2) moments in the nucleus. These moments are assumed to be in 

the fixed ratio of 0.98:0.02 over the range of interest though the ratio could 

be as high as 0.96 : 0.04 from studies involving the angular distribution of 

fission fragments [Zhuc 781. This restricts the number of channels through 

which fission can occur and is a positive advantage in studying the fission 

process. An even-even nucleus has a J = O ground state, implying that only 

J = 1-  and J = 21  states will be excited in photonuclear reactions. Fig. 5.3 

shows these states for the K bands below the particle excitation threshold. 

As explained in Chapter 1, the barrier to fission is thought to be double-

or possibly triple-humped. For each saddle-point state shown in Fig. 5.3 

there is a fission barrier shifted upwards in height by its excitation energy. 

In fact, the position of the levels shifts from the inner saddle-point to 

the outer, due to the increasing deformation of the nucleus. Figs. 5.4 

and 5.5 show Nilsson diagrams indicating the shift in energy of proton 

and neutron levels as the nuclear potential is deformed [Gust 671 by the 

deformation parameter öosc.  Table 5.1 shows the upward displacements of 

the low-lying fission channel barrier heights approximated for an even-even 

nucleus (taken from [Ohsa 84]). The first barrier A is assumed to be axially 

asymmetric but reflection symmetric (y-deformed) and the second barrier 

B is assumed to be axially symmetric but reflection asymmetric (octupole-

deformed). The rotational levels built onto these so-called band-head states 

are assumed, for simplicity, to be degenerate in energy as for actinides, the 

value of 112/21  in Equation 105 is a few 10's of keV at the most. 

5.2.4 Low-Lying Odd-Even Nuclei Fission Channels 

In the case of odd-even nuclei such as 241Ain the situation is complicated 

by the existence of an unpaired proton. The spectrum of states at the 

saddle points have been approximated to quasi-particle states by Back et 

al. [Back 74b].  Using a Strutinsky-type calculation such as that by Larsson 

et al. [Lars 741 to find the single particle states, the quasi-particle energy 
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Figure 5.5: Neutron single-particle levels. 
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Vibration mode Barrier A Barrier B 

(y-deformed) (octupole-deformed) 

"Ground" state E 0.0MeV 0.0MeV 

K = 0 i1r01  2+1 4+, 6 0, 1-, 3-, 4 

,y-vibration(Y22) E 0.05MeV 0.7MeV 

K=2  J7t 2+, 3+, 4+,5+ 2±, 3±, 4±, 5± 

Mass-asymmetric 

vibration(Y) E 0.3MeV 0.05MeV 

K = 0 
j 1r

0, 1-,2-, 3-,4-,5-  0, 1-1  2, 3, 4, 5- 

Bending vibration 

(Y) E 0.9MeV 0.9MeV 

K = 1 ilr1, 2 1  3, 4, 5 1 1  2, 3, 4 1  5 

Table 5.1: Energies of low-lying even-even fission channels above ground 

state barrier. 

levels E3  are given by: 

E1= J(sj _2)2+A2 _A, 7r=(-1)1 	 (106) 

where e is the single-particle energy for spinj and orbital angular momen- 

tum. 1, X the Fermi energy and A the pairing gap. For 241 	this gives rise 

to the sequence of levels shown in Fig. 5.6 [Back 901 for the two saddles. 

Again, for each level there is a rotational band built on with the level acting 

as a band-head state. One can approximate the low-lying discrete levels 

using a continuous level density e.g. [Lynn 741,  however, this significantly 

underestimates the number of low-lying states as demonstrated in Fig. 5.7 

whereby there is a condensation of states i.e. an increase in states over and 

above an exponential dependence near zero excitation energy. 

5.2.5 Fission Channels Above the Pairing Gap 

Once the pairing gap has been exceeded, individual particle excitations give 

rise to a continuum of channels for even-even and odd-A nuclei. Indeed, for 
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Figure 5.7: Comparison of a continuous level density approximation with 

discrete low-lying levels for 241Am[Back 74b]. The lines represent a contin-

uous level density approximation whereas the points represent the level 

density calculated from single-particle states. 
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odd-odd nuclei, as there is no pairing gap (there already exist two unpaired 

nucleons) the entire spectrum of states forms a continuum. Therefore, it 

just remains to find an expression to give the density of states of the various 

angular momenta in the continuum. 

The equation adopted by Lynn [Lynn 741 assumes an exponential in-

crease in states with energy, the nucleus having a fixed nuclear temperature 

i.e. 
U 

pf(U,J)=(2J+l)pf0exp 2a 
  expi 	 (107) 

where U = E - A (i.e. energy above the pairing gap), Pfo  is a value which 

depends on the density of states at the pairing gap and barrier f = A, B 

of the fission channel, O f  is the nuclear temperature at the each barrier 

and Gb is the spin cut-off factor at the barrier height excitation which has 

approximately a linear dependence on energy i.e. 

(Yb = ab, +Gb1  x 	 (108) 

where orb,, and Gb1  are constants. 

5.2.6 A Note on the Addition of Fission Channels 

It can be seen from Eq. 103 that any structure resulting from the penetra-

bility of a fission barrier potential will be as a result of the superposition 

of several fission channels which are labelled v in this calculation. Each v 

corresponds to a different K band such as listed in Table 5.1. For simplicity 

each K-band or v fission channel is assumed to have an equal weight. Hence 

the total fission transmission results from the sum of the direct transmis-

sions of all the fission channels which are added together with equal weight. 

A more involved calculation might assume a more realistic weighting func-

tion for K. Values of K are assumed to be conserved for the direct fission 

component as this is the simplest method of calculating a transmission 

function for an individual channel. The damped fission strength which is 

re-emitted in the form of isomeric fission following y-decay in the second 

well is not K conserved but undergoes K-mixing as described in § 5.2.8. 
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5.2.7 Barrier Penetration 

For each fission channel, there is a barrier of a particular shape and height 

through which the fission wave must quantum-mechanically penetrate. 

Many authors have calculated penetrabilities for different actinides [Khan 72, 

Back 71, Back 74a, Brit 72, Cram 70, Lynn 74, Bhan 741. 

By convention, the shape of the fission barrier is parameterised using 

three (or sometimes five if triple-humped) smoothly joined parabolas. Each 

parabola has a particular curvature and displacement. Hence, to specify 

a certain double-humped fission barrier requires just six parameters: the 

heights of the two saddles, the height of the bottom of the second well 

above the ground state and the curvatures of the saddles and the second 

well. This, of course, applies to just one fission channel. In general, all 

these parameters can change for a different channel. Usually, the barrier 

heights are varied but the curvatures kept constant for each channel. 

By using a three or five parabola approximation, an exact penetrability 

can be calculated [Cram 70, Jame 85]. Various other methods have been 

used to calculate penetrabilities and have been reviewed in an article by 

Bjørnholm and Lynn [Bjor 801. For simplicity, the approach adopted in 

this case is to use an iterative process which can, in principle, be used 

to calculate transmission through any arbitrary shaped barrier, however 

the inteijoimng parabola parameterisation has been preserved to allow 

comparison with other analyses. 

The Step-Wise Approximation 

To calculate the transmission of a potential step is a relatively easy pro-

cess and is described in any elementary quantum mechanics textbook 

e.g. [Dari 841. Such a step is shown in Fig. 5.8. 

If the region in step n, between Xn-1 and x,, has a potential V(x), the 

wave function in this region will be of the form: 

Vn = a(n)e + cx(n)e 	 (109) 
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Figure 5.8: A potential step. 

where 

	

= [2(E—V)B/h2] 	 (110) 

E being the energy of the wave function and B being the inertial parameter 

such that B = 0.0540Ah2 MeV'. a, and a are the coefficients of the 

forward-going (transmitted) and backward-going (reflected) components of 

the wave function respectively. Similar expressions hold for the region in 

step n+1. 

If this is the case, coefficients a, and a are given by: 

(k + k +1)a(n + 1)eth1 + (k - k 1)ajn + 1)e+1 	
1 1 1 c&(n) 

- 

- 

	

2kneihnxn  

(k - k +1)cx(n + 1)e' +(k  + k +1)cz(n + 1)e' xn 

Ttrans 
- 

- 

a~(m)a(m) 
(113) 

cz(1)a(1) 

and the fraction reflected by: 

z( 1) a( 1) 
T 11 = 	 (114) 

a(1) a(1) 

\---1 

- 	

2ke' 	
(112) 

Any arbitrary shaped barrier can be approximated by a series of such steps 

as shown in Fig. 5.9. If the barrier is split into m such steps then the 

fraction transmitted is given by: 
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Figure 5.9: Barrier approximated by steps. 

(N.B. This assumes that there is no reflected wave to the right of the barrier 

(a1 (m) = 0), for transmission from left to right and also that the phase 

velocities at the beginning and end of the barrier are the same.) 

5.2.8 Structure in the Cross Section 

For the double-humped barrier shown in Fig. 5.10, one obtains the trans-

mission as a function of energy shown in Fig. 5.11 using a 500 step 

approximation. This transmission results from one fission channel. From 

now on each fission channel will be labelled v with angular momentum J, 

parity ir at a specific energy E. One can see quite sharp peaks in the steeply 

rising transmission coefficient. The peaks seen in the transmission function 

for the double-humped potential shown in Fig. 5.10 are just an extension 

of the standing wave or resonance effect observed in a simple square well 

potential in which standing waves are produced for an integral number 



CHAPTER 5. THEORY 
	

127 

6 

5 

2 

1 

04- 

0.0 
	

0.1 	0.2 	0.3 	0.4 	0.5 	0.6 	0.7 	0.8 	0.9 	1.0 

Deformation 

Figure 5.10: A double-humped barrier. 

of half wavelengths. This is due to the fact that the fission wave at a 

particular wavelength (or energy) "fits" into the second well thus giving an 

increased probability of tunnelling through the second barrier. It is these 

"quasi-bound" quantum mechanical states which gives rise to the gross 

structure seen in photofission cross sections for actinides near threshold. 

This calculation takes no account of physical nuclear states that might 

exist at the first and second well deformation other than to emulate their 

effect in the fission strength "damping" process. This calculation is a one-

dimensional calculation and as such is only an approximation. A more 

complete calculation would include other degrees of freedom such as the 

effects of the physical nuclear levels but would involve very time consuming 

and lengthy calculations. 

In reality, peaks in fission barrier transmission are not as sharp as 

shown in Fig. 5.11. This is due to the fission strength becoming damped by 
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Figure 5.11: Transmission of the barrier in Fig. 5.10. 

other modes of decay involving the physical nuclear levels at the second well 

deformation and the degree of damping depends on the density of levels at 

that well deformation. An even-even nucleus has fewest levels (for reasons 

mentioned before i.e. all nucleons paired, lowest excitations are few and 

collective in nature), an odd-A nucleus more and an odd-odd nucleus the 

most. For this reason the damping will be least for an even-even nucleus 

and greatest for an odd-odd thus implying that a large amount of structure 

will be seen for an even-even and increasingly less for an odd-A and odd-odd. 

This last statement is also true for the reason that more fission channels 

contribute for an odd-A and odd-odd nucleus than for an even-even nucleus 

therefore smoothing out these resonant structures. 

This "damped" fission strength can appear in the forms shown in Fig. 5.1: 

it can decay in the second well, decay back to the first well or give rise to 

isomeric (or delayed fission) following y-decay in the second well. In this 

calculation, this damping can be simulated by having a small imaginary 
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Figure 5.12: Imaginary potential in the second well to emulate damping. 

gaussian potential Vim acting in the second well (see Figure 5.12) whereby 

the potential V in Eq. 110 becomes a complex number. The magnitude of 

the damping is assumed to be a linear function of energy such that 

	

Wim = Wim0 +Wim1XE 	 (115) 

with W 0  and W 1  as real constants and thus the imaginary potential 

becomes 

Vim = jW jm  exp(—[e - E0]2/[2w2]) 	 (116) 

where w2  is the variance of the gaussian in deformation space E where 

£ represents deformation along the path of the minimum of the nuclear 

potential energy surface and E0 is the deformation which corresponds to the 

minimum of the second well. 

This gives rise to an absorbed component for each channel T 5(EJir) 

such that: 

T'b8 (EJ7r) = 1 - Tranq - Tre fl 	 (117) 
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Bondorf [Bond 7011 assumed that this absorbed flux can change K value 

whilst in the second well i.e. undergo K mixing, whilst still preserving the 

quantum numbers J and 7c so that the total absorbed flux A(EJir) over all 

channels is given by: 

A(EJ,v) = E T 8(EJir) 	 (118) 

The amount of this flux re-emitted back into the fission channel V as delayed 

fission is then given by: 

T'uter(.EJ7I) 	 (119) EJir) x T layed(EJ7C) = A( 	
EV [TiYnner (EJir) + Touter(EJ7) + T 11(EJ1r)1 

where T,ner(EJir) and T uter(EJ1t) are the transmissions of the inner and 

outer humps of the fission barrier respectively for the fission channel v, 

reflecting the relative probabilities of delayed fission and decay back to 

the first well. T 17(EJ7) is the probability of decay in the second well i.e. 

into class II states. This value is often neglected as being small relative 

to T uter(EJIr) and T, r(EJir). For a double-humped barrier with the inner 

and outer humps approximated by parabolas, T j"nner(EJTh) and T ter(EJfl:) 

are given exactly by the Hill-Wheeler formula [Hill 531: 

Tpar. bar. = 	
1 

	 (120) 
1+ exp(27r(Vrrier - E)lh 

where V&arrier is the height of the parabolic barrier and 11w is the curvature 

of the parabolic barrier for the fission channel v. For a triple-humped 

barrier with a small shallow well in the outer hump, T uter(EJ7r) is given 

by the formulae for transmission through a double-humped barrier (see 

Equations 111-413). 

The total transmission over all channels v is now given by: 

T(EJrr) = 	T ans(EJir) (prompt) + 	T 1ayed (EJ7r) (isomeric) (121) 

With a small amount of damping, the peaks in the transmission are smaller 

and the sub-barrier transmission greater (see Fig. 5.13), indicating the 

relative importance of isomeric fission in sub-barrier photofission. 
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Figure 5.13: Comparison of double-humped barrier transmission with 

50 keV damping (full curve) and without damping (dashed curve). 
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5.2.9 The Complete Damping Limit 

In the complete damping limit (for example in an odd-odd nucleus or in the 

continuum region), the direct component tends to zero i.e. 

>Tt".ans(EJIr) - 0 	 (122) 
V 

and the absorbed component becomes the total flux through the first barrier 

A: 

> T 8(EJn) = T](EJr) 	 (123) 

Using the density of states expression from § 5.2.5, the amount of flux 

transmitted by the first barrier A is given by: 

E-EA- PA E - EA - Ek, J) 

	

T(EJir) = T'(EJir) + / 	 (124) 

	

jo 	1+ exp(-27rek/floA) 
V 	 v' 

where v' is summed over discrete states, EA is the ground state height of 

barrier A, A is the pairing gap and is the kinetic energy available to the 

fissioning nucleus. A similar expression exists for the second barrier B. The 

total fission transmission in the complete damping limit is then 

>IV T(EJt) >1% T(EJir) 
(125) T(EJ,t) = 

>1V T(EJir) + > V T(EJir) 

This expression is used in the continuum region of the nuclides studied in 

this chapter. 

5.2.10 Photon Absorption Cross Section 

The photon absorption cross section --- o,1  in Equation 103 --- is generally 

approximated by the tail of the giant dipole resonance (GDR) [Axel 62, 

Know 82], as El transitions are the dominant excitations (1=1). Thus, ay., is 

thought to vary smoothly with energy and any structure in the photofission 

cross section is believed to be due to structure in T f  or T. This hypothesis 

seems to be borne out by experimental work done by Birenbaum et al. 

[Bire 871. This group determined the photon elastic scattering cross section 

for 238U. Fig. 5.14 shows the data compared with the extrapolated tail of the 

GDR, showing relatively good agreement. 
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Figure 5.14: The tail of the GDR compared with experimental photon elastic 

scattering cross section for 238U. 
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The GDR can be represented approximately by a Lorentzian or double 

Lorentzian (as in Eq. 98) and at energies well below the peak (i.e. at energies 

around 7 MeV) the photon absorption cross section for El absorption is given 

approximately by [Axel 621: 

197a  =5.2(E/7 MeV)(0. 0 1A)  5.2(E/7MeV)(0.01A) mb 	 (126) 

E2 absorption is assumed to have approximately the same dependence over 

the energy range studied but a magnitude 0.02 less than for El so that: 

0.02 x a,,01 	 (127) 

5.2.11 They Transmission Coefficient 

Below the (y, n) threshold, it can be seen from Equation 103 that Tn  will be 0 

and the only competition will be between fission and y emission. Therefore, 

the low-energy slope of the photoflssion cross section will depend upon these 

competing processes. 

Neglecting y decay in the second well, only decay in the first well (i.e. 

decay into class I) states will be considered. A first approximation to the 

transmission function corresponding to y-decay in the first well, T,, is given 

by 

T,,1  = const x E 	 (128) 

where E y  is the energy of the y ray and const is a constant obtained from y 

emission strengths obtained from thermal neutron capture on the nucleus 

A - 1. This relies on the Es,, dependence of the emission of dipole radiation 

[Blat 52b]. 

A more involved expression for TA,1  (the y transmission for some corn-

pound state A) is given by Vandenbosch and Huizenga Wand 73a]: 

27r<['A),(E)> 
or (129) 

<D(J, w,E)> 
2 7 < FA)l(E')> X(E, aA)  p(J, E) 	

(130) TA, (J, ir, E) = <D(J', 
it', E')>X(E', aA)  p(J', E') 
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X(E,aA) = x4 — 10x3 +45x2 -105x+105 	(131) 

x = 2a(E—A) 	 (132) 

p(J,E) = C(2J+1)(E—A) 2  

exp[2a(E — A) —(J+ 1/2)2/2 1 	(133) 

where aA and YA are the level density parameter and the spin-cutoff factor 

for the nucleus of mass A as described by Gilbert and Cameron {Gilb 651 and 

C is a constant. The quotient k is obtained experimentally from resonant 

neutron capture whereby the numerator is the average y emission width 

and the denominator is the average level spacing for a particular state 

J', ir', Y. Therefore, one can use this expression normalised to the neutron 

binding energy from resonant neutron capture on the isotope Z, N - 1 if 

this feasible, otherwise the normalisation factor, k needs to approximated 

by theory. The expression in Eq. 131 is used to approximate E. T(EJir) 

assuming dominant dipole y de-excitation in the first well of the fission 

barrier. 

5.2.12 The Neutron Transmission Coefficient 

Above the (y,  n) threshold, one needs to consider the form of the total 

neutron transmission function which appears in Eq. 103. 

Following y absorption by a nucleus in an initial ground state Jir, the 

nucleus may decay from the excited compound state in the continuum Jir, 

by emission of a neutron with spin 1, coupling to a state in the residual A—i 

nucleus J flr to give a particular T(EJ2t) for the neutron emission channel 

. This is illustrated in Fig. 5.15. The emitted neutron has orbital angular 

momentum £. If the initial nucleus has excitation energy E, the residual 

nucleus has excitation energy E - ,, and the neutron has kinetic energy 

(neglecting recoil energy of the nucleus which is small compared to the 

kinetic energy of the neutron from simple kinematic arguments as the mass 

of the nucleus is over 200 times that of the neutron) then the total neutron 
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Figure 5.15: Decay of a nucleus of mass Aby neutron emission. 
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transmission coefficient is given by the expression 

E 	 J1+]12 J+j 

	

>T(EJir) = 	>TL(E—EK)+>j 	
p(Al)(E_ Efl, J f) 	 dE j  

1=0 'C 	 if 	 j=Jf -t/2I 1=J-jl 
(134) 

where the first term sums over all channels K where angular momentum 

and parity are conserved for the discrete levels E below the pairing gap in 

the residual nucleus and the second term sums over the continuum region 

above the pairing gap i.e. at energy 3 above the ground state in the residual 

nucleus. The individual neutron transmission coefficient T1  for a channel 

K is calculated from the black nucleus with real square well potential 

model [Blat 52a] and p(A_l)(E - , J) is the level density of the residual 

nucleus of mass A —1 at ground state deformation in the continuum region, 

approximated by an expression given by Gilbert and Cameron {Gilb 651 

	

p(A1)(U 	
exp(2v'iii  U) (2J +1) exp[—(J + 	 (135) 

1/4 

	

12 a 1U" 	 2'cy_1   

5.3 Modelling the Cross Sections 

This section presents the best fit theoretical cross sections for 232Th, 238U 

and 24l•  Whilst one should not pretend that these fits are ideal --- indeed 

several approximations are made to simplify the analysis they should 

nonetheless represent some approximation to the observed cross sections 

and hopefully give a little insight into the underlying structure. 

In the cases of 232Th and 238U photofission the generated cross sections 

are compared with the Harwell data only. Though there have been a 

great deal of measurements made of these photofission cross sections, by 

comparing with Harwell data only, some consistency in the analysis can be 

obtained and the Harwell data is a good representative sample. 

5.3.1 232  T Photofission Cross Section 

Table 5.2 gives the parameters used and Table 5.3 gives the discrete 

fission barrier heights used to generate the cross section shown in Fig. 5.16 
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A J Sn  aA - CA-1 A aA 	aAl (T1 

232 0 6.43 MeV 5.45 1.0MeV 30MeV' 1.0 

PAo  PBO 0A OB 7bo Gb, 

1.6MeV' 0.4MeV' 0.44MeV 0.44MeV 3.4 1.2 

Table 5.2: Parameters used to generate the 23'Th cross section. tThis is the 

effective value of 2ir < F(6.43 MeV) > / <D(2, +, 6.43 MeV) > used to fit the 

cross section. 

K'VMeV EA/MeV E,1[MeV EBTMeV hwA/MeV hwjj/MeV hwB/MeV 

0 5.82 2.00 6.22 1.00 0.90 0.75 

6.12 2.18 6.27  

2 5.87 2.38 6.92  

1 6.72 2.90 7.12  

Wimo/MeV W,,,,/MeV FWHM/e 

-0.03 0.008 0.15 

Table 5.3: Fission barriers used to generate the 232Th cross section. 

compared with the experimental cross section measured by Findlay et 

al. [Find 86]. The theoretical cross section is very lightly damped and 

represents effectively infinite experimental resolution.' The peaks seen in 

the generated cross section are marked depending on whether they are due 

to dipole or quadrupole fission. The dipole transmission is given a weight of 

98 % and the quadrupole that of 2 % which represents the approximate ratio 

of E1/E2 absorption by the target nucleus. Note again that El absorption 

can only excite a 1-  state in the target nucleus and E2 absorption a 2 

excited state as 232  T has a ground state spin of Ot 

The energy region between 5.0 and 6.43 MeV represents the competition 

between fission and y emission and, assuming all the low-lying fission 

channels are accounted for, its slope and magnitude can only be adjusted 

by changing the damping or the value of 21r <F > / <D>. The value 

11n fact, this is not strictly true due to the use of a 500 step approximation to the barrier. 
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Figure 5.16: The 232Th cross section compared with Harwell data [Find 861. 

of this parameter needs to be somewhat higher than that quoted by, for 

example, Lynn [Lynn 741 who suggested a value of 0.135. The value used 

is a compromise between achieving the correct magnitude and the correct 

slope. It is possible that the slope of the y transmission function is steeper 

than that calculated using Eq. 131. In fact, Bhandari used a steeper function 

of energy than that used in this analysis [Bhan 741. Resonant structure is 

suggested at 5.55, 5.7, 5.85 and 6.3 MeV and while this is not at the exact 

position of structure in the actual cross section it might conceivably indicate 

how this structure arises. Slight changes in the barrier parameters could 

perhaps produce a better fit. The two peaks between 5 and 5.3 MeV are 

rather large in magnitude and there is no experimental evidence to back 

them up (recent measurements by Mang et al. [Than 86] do not go to low 

enough energies and neutron capture y ray measurements by Varhue and 

Williamson [Varh 871 and Williamson et al. [Will 901 are spaced too far apart 

to show structure). It could in fact be that the theoretical El resonance 
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Figure 5.17: As Fig. 5.16 but the theoretical cross section has 80 keV 

smearing. 

at 5.2 MeV should be at 5.5 MeV, as one would expect E2 resonances to 

be less noticeable in a light actinide where the outer barrier is thought 

to be somewhat higher than the inner barrier and so any lowering of the 

outer barrier for E2 fission channels less noticeable. However, reports by 

Arruda-Neto [Arru 84a, Arru 84b] did indicate a significant E2 strength in 

the resonances at 5.5 MeV from work done on photofission and electrofission 

angular distribution data. 

Fig. 5.17 shows the same calculated cross section with 80 keV gaussian 

smearing to represent finite resolution. The smearing simply takes an 

average over a gaussian function of the theoretical cross section where the 

gaussian has a FWHM appropriate to the photon resolution. Obviously, the 

structure becomes less pronounced and only just visible between 5.55 and 

5.7 MeV. 

Though this is by no means any proof that the observed structure can 
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A J Sn  arA - GA-i A aA = aA1 
Td 

238 O 6.15 MeV 5.45 1.0MeV 30MeV 0.2 

PAo  PBO OA 0B (Yb0 Gb1  

1.6MeV 1  0.4MeV' 0.44MeV 0.44MeV 3.4 1.2 

Table 5.4: Parameters used to generate the 238U cross section. tThis is the 

effective value of 27r <F(6. 15 MeV) > / <D(1, -, 6.15 MeV) > used to fit the 

cross section. 

be accounted for by a double-humped barrier it does demonstrate that the 

addition of several channels could introduce extra structure into the cross 

section. 

5.3.2 238U Photofission Cross Section 

Table 5.4 gives the parameters used and Table 5.5 gives the discrete 

fission barrier heights used to generate the cross section shown in Fig. 5.18 

in comparison with the Harwell experimental cross section [Hawk 861. 

Fig. 5.19 shows the same generated cross section but with 80keV gaussian 

smearing. Again this uses a double-humped barrier parameterisation. It 

does reproduce the resonance seen at 6.1 MeV and also the two peaks 

observed in the 50 keV resolution data which appear as the broad shelf in 

the 80 keV resolution data shown in the figure between 5.6 and 5.9 MeV 

(though not of the correct relative magnitude). However, the slope of the 

cross section is too steep. 

Bhandari and A1-Kharam [Bhan 891 stated that a triple-humped barrier 

penetrability saturates more slowly than that for a double-humped barrier. 

The cross section could be made less steep by increasing the damping at 

the expense of smearing out the structure which is clearly very apparent 

in the experimental cross section. This suggests that a triple-humped 

parameterisation is worth investigation. 

Between the opening of the (y, n) threshold and the upper limit of 

the discrete fission states the cross section dips too much. This might 
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Kn/MeV EA/MeV Ejj/MeV EB/MeV TUOA/MeV h(o11/MeV hU)BTMeV 

0 5.90 2.00 6.10 1.00 0.90 0.60 

0-  6.20 2.18 6.15 " 
2 5.95 2.38 6.80 " 

6.80 2.90 7.00 " 

Wimo/MeV Wjmi/MeV FWHM/E 

-0.03 0.008 0.15 

Table 5.5: Fission barriers used to generate the 238U cross section. 
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Figure 5.18: The 238U cross section compared with Harwell data [Find 871. 
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Figure 5.19: As Fig. 5.18 but the theoretical cross section has 80keV 

smearing. 
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A Sn uA  = YA-1 A aA = aA_1 (T) f  

241 5/2-  6.63 MeV 5.45 0.7MeV 30MeV 1  0.576 

PAo  PB0  OA 013 (Yb0  (Yb1  

6.8 MeV' 3.4 MeV-' 0.35MeV 0.35MeV 4.1 1.2 

Table 5.6: Parameters used to generate the 241Am cross section. tThis is the 

effective value of 21r < 11'(6.63 MeV) > / <D(3/2, +, 6.63 MeV) > used to fit 

the cross section. 

possibly suggest further discrete fission channels. However, above 7 MeV, 

the continuum of fission channels comes into effect. This assumes complete 

damping whereas the discrete region is only lightly or moderately damped. 

Also, the present calculation assumes that the fission wave "knows" nothing 

of the continuum states until the excitation energy is above the discrete 

region. In reality, the penetrability should be rising faster in this region. 

Hence, the region where the discrete and continuum fission channels meet 

is not strictly correct and the change should be smoother with less of a dip. 

5.3.3 24'Am Photofission Cross Section 

Though it is generally accepted that odd-A and odd-odd nuclides should 

be modelled using the complete damping model (due to the larger density 

of states in the second well compared with even-even nuclides), because 

possible structure is seen in the cross section measured in this experiment, 

an incomplete damping model is used to model the 241Am cross section as 

for the two nuclides above. 

Table 5.6 shows the parameters used to calculate the theoretical cross 

section. Table 5.7 shows the discrete fission barriers taken from the quasi-

particle states shown in Fig. 5.6. Each K'-band at barrier A was assumed 

to "link" with the same value of Kit  at barrier B without crossing another 

K't-band with deformation. Any state which appears in barrier A but not in 

barrier B (or vice versa) is assumed to have the effect of a single humped 

barrier whereby the change in deformation forces the state up into the 
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K'/MeV EA/MeV E11/MeV EB/MeV hcoA/MeV hojjj/MeV hw,/MeV 

1/2-  6.200 2.500 5.700 0.80 1.00 0.52 

1/2k 6.385 2.628 5.770 

3/2-  6.417 2.670 5.882 

5/2 6.428 2.759 5.990  

3/2k 6.443 2.671 5.799  

5/2-  6.514 2.802 5.990 

1/2k 6.704 3.016 6.227 

3/2-  6.815 3.157 6.398 

9/2-  6.910 3.252 6.493 

Wimo/MeV W,,,,,/MeV FWIIMk 

-0.25 0.065 0.15 

Table 5.7: Fission barriers used to generate the 24 Am cross section. 

continuum region or down below the ground state barrier. Thus in the 

present analysis they are ignored as they cannot contribute structure to the 

cross section only magnitude. Fig. 5.20 shows the generated cross section 

with light to moderate damping and "infinite" resolution, compared with 

the '88 and '90 data as well as the Zhuchko data down to 5.1 MeV. This does 

produce a small peak at -6 MeV due to dipole fission. With 220 keV (see 

Fig. 5.21) smearing, the peak becomes a change in slope, much as seen in 

the actual cross section and the slope of the generated cross section agrees 

with experiment reasonably well though with a smaller magnitude. The 

peak at -5.4 MeV is still visible with 220 keV smearing though there seems 

to be no evidence for such a peak in the Zhuchko data. However, if one 

examines the Zhuchko data on a compressed energy scale as in Fig. 5.24 

there is the suggestion of a change in slope at 5.6 MeV. A similar change 

in slope exists at 5 MeV. It is probable that this theoretical peak is more 

greatly damped than calculated here. Fig. 5.22 shows the calculated cross 

section with increased damping and Fig. 5.23 shows the calculated cross 

section in Fig. 5.22 with 220 keV smearing. The peak at 5.4MeV is still 
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Figure 5.20: The 241Ain cross section compared with Harwell '88190 data 

and the Zhuchko data [Zhuc 781. 

visible. The change in slope at 6 MeV has almost disappeared which might 

imply a damping component of between 150 and 300 keY at 6 MeV to see the 

observed structure in the cross section. So, although there might possibly 

be a resonance at —6 MeV, further work would need to be done to confirm 

this. 

Again, similar comments to the 238U cross section apply to the region 

immediately above the discrete channel region at around 7 MeV. This could 

be improved if the analysis were to be taken further. Furthermore, the 

ordering of the quasi-particle states below the pairing gap may be different 

and if a state at one barrier is shifted significantly more than presumed 

with deformation this could make a slight difference to the position of 

structure in the cross section (always assuming that the structure is due to 

incompletely-damped resonances). 
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Figure 5.21: As Fig. 5.20 but the theoretical cross section has 220 keV 

smearing. 
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Figure 5.22: As Fig. 5.20 but with uniform damping of 300 keV in the second 

well (Wimo300keV, WimiOkeV). 
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Figure 5.23: As Fig. 5.22 but the theoretical cross section has 220 keV 

smearing. 
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Chapter 6 

Conclusions and Discussions 

6.1 The Experimental Set-up 

The set-up as it stands is able to measure the photofission and photoneutron 

cross section with fairly good resolution. The photoneutron cross section 

becomes harder to measure using the multiplicity method if its magnitude 

is significantly less than that of the photofission cross section. This could 

obviously be improved with further statistics. On top of this was the 

large (cx, n) contaminant background which degraded the data. This was 

unavoidable. To measure the photoneutron cross section more accurately 

would involve detecting fast neutrons in coincidence with both fission 

fragments and beam pulses which obviously involves an entirely different 

set-up. To this you have the added problem of the a activity of the target. 

In order to measure the cross section at lower energies (maybe even as 

low as the isomeric shelf region) would require a far more intense beam 

of photons and/or a variety of available target thicknesses. Assuming the 

latter is not feasible, this could be achieved by relocating the detector much 

closer to beam which in turn would require less stringent collimation. An 

increase in beam flux of up 2 orders of magnitude could be achieved in this 

way. 

To distinguish between contributing fission channels, one could use a 

polarised bremsstrahllung beam by varying the angle at which the beam 

150 
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hits the radiator though unfortunately this would also have the effect of 

cutting down the beam flux. 

Using tagged photons could increase the resolution of measurements but 

this method has the disadvantage of lower intensity than bremsstrahlung 

without tagging and so would be less useful for sub-threshold and deep 

sub-threshold measurements. 

6,2 The Measured Cross Sections 

6.2.1 The Photofission Cross Section 

The photofission cross section has been measured in 100 keV steps then 

interlaced and unfolded to give 220 keV resolution over the range 5.6--

10 MeV indicating possible though not statistically significant structure at 

-6 MeV which was then re-investigated with 50 keV steps then interlaced 

and unfolded to give 150 keV resolution. The fine resolution measurements 

could indicate no definite structure. It would be desirable to measure this 

region again with still greater resolution and better statistics to see if there 

is any structure in the 241Ain photofission cross section which might be a 

resonance, or possibly several resonances, resulting from the structure of 

the barrier. It would also be interesting to see whether there might be 

structure in the photofission cross sections of other odd-A nuclides and high 

resolution photofission measurements on actinides such as 237Np and 239Pu 

might help to clarify this. 239Pu has a small ground state spin (1I2) thus 

reducing the number of available El fission channels. Measurements by 

Zhuchko et al. [Zhuc 781 show structure in the cross section for this nuclide. 

Berman et al. [Berm 861 have measured the photofission cross sections of 

233U, 237Np and 239J).  using photons from positron annihilation in flight, 

reporting a smooth variation with energy over the low energy region (5--

10 MeV) However, these measurements were made at too large intervals to 

hope to see any clear structure and it would have been interesting to repeat 

these measurements at Harwell with increased resolution and beam flux. 
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6.2.2 The Photoneutron Cross Section 

The photoneutron cross section has been measured from threshold to 10 MeV 

with 220 keV resolution though due to inherent difficulties, the cross section 

is not accurate in the range from threshold up to 8 MeV. To increase this 

accuracy would require better statistics and a purer target sample. A 

knowledge of the photoneutron cross section allows one to measure the 

neutron-to-fission branching ratio (F/F1) with its dependence on the nuclear 

fissionability Z2IA. From the low yield 500 keV runs between 8 and 10 MeV, 

the present data suggest a value of F/Ff  of 0.31±0.097. This is plotted as 

a function of fissionability in Fig. 6.1 compared with other measurements 

[Berm 861. Though the other measurements were performed at 11 MeV, 

the comparison is valid as the neutron-to-fission branching ratio tends to 

a constant value above about 8 MeV. This can be seen from the equation 

derived by Vandenbosch and Huizenga [Vand 73c] where the fission barrier 

and the neutron emission energy are roughly the same. Note that all 

the measured values above 712/A = 36.5 lie above the line. This implies a 

deviation from a simple exponential decrease in F/F1  with fissionability 

at higher values of fissionability.' Fig. 6.2 shows the present data point 

plotted against mass number compared with other data Wand 73b]. There 

does seem to be good agreement with other Am isotopes. As pointed out 

in the previous chapter, the fission cross section above the (y, n) threshold 

is a result of the competition between fission and neutron emission which 

in turn is a function of the density of states at the saddle points and 

the density of states near the ground state of the residual A - 1 nucleus. 

Therefore, ultimately, measuring the photoneutron cross section as well as 

the photofission cross section should help to determine the behaviour of the 

density of fissioning states at the saddle points. 

1Berman et al. proposed the need for a surface-symmetry correction term to the 

fissionability to explain this. 
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Figure 6.2: Neutron emission to fission width plotted as a function of mass 

number. The present data point is shown as a solid triangle with error bars. 

6.2.3 V 

The value of V has been measured as a function of the average bremsstrah-

lung energy between 5 and 8 MeV. There appears to be a deviation from 

a simple linear increase with energy especially at low photon energies. It 

should be stressed however, that a note of caution was mentioned in the 

Results chapter about the overall validity of the observed trend after anal-

ysis due to difficulties with the analysis. Nevertheless, measurements of 

other actinides have shown deviations from the expected trend and clearly 

the kinematics of fission are more complicated than expected from present 

models. This indicates a need to measure V with good resolution for a 

greater number of nuclides to help fill gaps in present understanding. 
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6.3 Fission Barrier Analysis 

More work on the theoretical shape of the fission cross section is required 

than is allowable within the constraints of writing this report. The present 

analysis attempted to fit cross sections over several orders of magnitude 

and as such is bound to expose any failings in the assumed theory. However, 

the analysis attempted to include all the main features of a fulll calculation 

and whilst striving to be physically feasible did not attempt to do this in an 

unnecessarily complex manner. The following discussion points out failings 

and improvements that might be made to the theoretical analysis had more 

time been available. 

6.3.1 The Shape of the Fission Barrier 

In the present analysis, the shape of the fission barrier was assumed to be 

double-humped for all the actinides. There has been increasing evidence for 

a third minimum in the outer barrier of the lighter actinides, and possibly in 

the inner barrier of the heavier actinides, especially from neutron induced 

fission experiments (see e.g. review by Lynn [Lynn 89]).  The analysis could 

easily be extended to include triple-humped barriers. 

The present analysis assumed barriers constructed from parabolic sec-

tions to allow parameters from previous analyses to be used. There is no 

physical reason why the barrier should be shaped thus and the fission bar-

rier might indeed deviate significantly from this simple smooth dependence. 

By using the stepped barrier approximation, in principle any barrier shape 

could be analysed --- though the absorption and re-emission of flux would be 

more complicated --- and the analysis could be extended to investigate the 

penetrability of barriers obtained from theoretically calculated potential 

energy surfaces. This might change substantially the shape and/or the 

position of the peaks observed using the parabolic section parameterisation. 

The present analysis assumed that the inertial parameter B is a constant. 

In reality, this quantity is almost certainly some function of the deformation. 
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If information were available giving the behaviour of B with deformation 

then this could be easily included in the analysis. A large variation in B 

could significantly affect the fission transmission. 

Recent literature by Arruda-Neto [Arru 88] and Dias et al. [Dias 891 

has indicated the possible importance of the Giant Quadrupole Resonance 

in the fission decay of photo-excited nuclei. If the GQR is greater in 

magnitude than thought previously, then this might increase the likelihood 

of E2 resonances in the cross section of e.g. 232Th. However, care should be 

taken over this issue as the calculations of Arruda-Neto and Dias involve 

virtual-photon formalism and the predictions are by no means confirmed. 

6.3.2 The Damping of Resonances 

In the previous chapter it was assumed that damping increases linearly with 

excitation energy. This is not unreasonable as a higher excitation energy 

implies a greater density of states into which the fission wave function can 

be damped. Whether the damping is simply linear or whether it shows 

fluctuations with energy is uncertain. Fluctuations in the damping might 

explain the observed structure in the 24 Ani cross section though there is no 

firm evidence to support this. 

6.3.3 The Density of States at the Saddle Point and in 

the Residual A -1 Nucleus 

The density of states function used when the excitation energy exceeds 

the discrete state energies is assumed to have an exponential dependence 

and a constant temperature over a range of about 3--4 MeV. This constant 

temperature dependence over a limited range is backed up by neutron 

induced fission of heavy elements. In the case of 241Am particularly, this 

temperature should probably be a little lower than that quoted by Lynn 

[Lynn 741 to make the slope of the generated photofission cross section 

steeper though it is difficult to obtain an accurate value as fitting the best 
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slope involves changing the values of Pfo as well. The fitting of the cross 

section above the pairing gap of the fissioning nucleus was included for 

completeness and by no means represents a detailed analysis over this 

region. Further work could be done to improve this. The value of F/Ff  

quoted in § 6.2.2 could help to obtain a better fit if further work were to be 

done on this. 

6.3.4 Normalisation of the Calculated Cross Sections 

It was pointed out in the Chapter 5 that the magnitudes of the calculated 

cross sections were not exactly the same as those of the experimental cross 

sections. Below the (y, n) threshold the magnitude of the cross section can 

be adjusted by altering the value of 27r < rxy  > I <D > in the y transmission 

coefficient (see Eq. 131). However, for measured values of this parameter 

this is not strictly correct. Bhandari [Bhan 741 suggested that the incorrect 

value of the y transmission function arises due to the fact that the expression 

in Eq. 131 takes account only of dipole emission and that there might be 

evidence for a significant quadrupole emission component. Furthermore, 

the neutron transmission function seems to be too large in the case of "U 

resulting in the dip in the calculated cross section which is not seen in the 

observed cross section. Back et al. introduced normalisation factors G  and 

G to multiply the y and neutron transmission functions respectively in 

order to get over the difficulties in certain cases of estimating the absolute 

values of the transmission functions [Back 74b]. The values that they quote 

for these normalisation factors show a trend whereby G is normally larger 

than 1 and G is normally smaller than 1. This fits in with the present 

calculations. This is an area that could be looked at if further work were to 

be carried out. 



Appendix A 

Tabulations of the 

Experimental Data 

This appendix gives tables of the cross sections plotted in the Results 

chapter for the convenience of the reader. Both the cFyf  and the ay,, data 

points quoted are those calculated with both v!, and W fixed. Note that all 

errors refer to 1 standard deviation. 

A.1 The cyyf  Cross Sections 

The data points quoted for both the lOOkeV and 50keV runs (Table A.1 

and Table A.2) are calculated using 2-fold interlacing in the range 5.50 to 

7.95 MeV and no interlacing for the 200 keV data points above 7.95 MeV. 

A.2 The o Cross Sections 

The cross section values below 7.95 MeV in Table A.3 have large errors. 

This is as a consequence of unfolding quite small yield difference values 

which fluctuate. Small yield difference fluctuations about what are already 

quite small yield differences are then "amplified" in the unfolding process. 

Interlacing is as for the ayf  values. 

158 
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The '88 100 keV data The '90 100 keV data 

E,/MeV c 1Imb ±&J f/mb o,,1/mb ±8Y1f Imb 

5.58 2.95 1.35 2.97 0.98 

5.68 6.39 1.90 5.14 1.00 

5.79 8.62 2.06 6.65 1.37 

5.89 10.57 2.17 7.01 1.87 

5.99 16.27 2.29 9.50 1.92 

6.10 15.10 2.35 14.35 1.74 

6.19 14.30 3.14 15.98 1.86 

6.29 16.91 3.60 16.88 1.84 

6.40 11.43 4.11 18.84 2.41 

6.50 17.89 4.91 18.37 2.45 

6.60 18.99 4.46 23.24 2.42 

6.70 24.33 3.44 26.47 2.63 

6.80 25.51 3.35 21.63 2.88 

6.90 18.66 2.88 17.47 4.24 

7.00 23.21 3.31 30.78 5.76 

7.11 28.26 4.48 40.25 5.64 

7.21 30.72 5.27 32.56 5.67 

7.31 37.78 5.50 24.78 7.34 

7.41 26.67 6.65 27.21 7.66 

7.51 12.18 6.99 38.52 7.99 

7.61 34.37 7.28 49.21 8.74 

7.72 52.83 7.54 38.53 9.72 

7.82 33.75 8.54 33.09 11.32 

7.92 31.15 11.95 76.21 11.80 

7.97 41.42 3.12 

8.17 51.31 4.91 

8.37 59.89 6.13 

8.58 53.88 5.52 

8.78 74.26 8.01 

8.98 93.60 9.44 

9.19 102.43 10.12 

9.39 109.53 11.14 

9.59 126.00 14.97 

9.80 163.16 16.38 

Table A. 1: The cr' f 100 keV data (2-fold interlaced) 
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A.3 The V Data 

The numbers quoted in Table A.4, Table A.5 and Table A.6 are with W 

fixed to a linear straight line fit to the data from the previous fit where 

both vAT,  and W were allowed to vary. The data are not unfolded and hence 

are quoted as a fimction of mean photon energy. The data are also not 

interlaced. 
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E,/MeV a f/mb ±6a7f /mb E ),/MeV a 1/mb ±3 1/mb 

5.76 6.54 2.24 6.12 7.48 4.14 

5.81 8.88 2.54 6.17 14.19 4.09 

5.86 9.76 2.88 6.22 15.71 4.16 

5.91 7.78 3.44 6.27 13.62 4.02 

5.96 8.45 4.09 6.32 18.20 3.70 

6.01 17.77 4.03 6.37 20.09 3.43 

6.07 13.42 4.03 6.42 15.59 3.30 

Table A.2: The '90 alf  50 keV data (2-fold interlaced) 
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The '88 100 keV data The '90 100 keV data 

E/MeV a,/mb ±&/mb oImb ±3cr7 Imb 

6.60 -12.43 13.52 -8.36 7.17 

6.70 -18.06 10.72 -3.65 7.74 

6.80 -13.44 10.43 18.20 8.58 

6.90 3.02 8.73 26.68 13.02 

7.00 8.19 10.27 -15.84 17.45 

7.11 3.42 13.54 -41.60 16.15 

7.21 3.89 15.70 -9.38 16.32 

7.31 -14.18 16.14 18.21 20.86 

7.41 -22.23 19.37 22.61 21.15 

7.51 38.54 19.83 9.68 23.10 

7.61 28.35 21.25 -10.68 24.61 

7.72 -0.91 21.24 16.41 27.29 

7.82 33.89 24.23 15.78 31.73 

7.92 22.86 34.79 -61.48 31.58 

7.97 13.04 4.05 

8.17 16.16 5.67 

8.37 18.86 7.26 

8.58 16.97 7.29 

8.78 23.38 9.74 

8.98 29.48 12.18 

9.19 32.26 13.78 

9.39 34.49 15.31 

9.59 39.68 17.87 

9.80 51.38 22.26 

Table A.3: The o 100 keV data (2-fold interlaced) 
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The '88 100 keV data The '90 100 keV data 

E7/MeV ---"-T   V ±öV V ±öV 

5.53 4.605 1.403 4.260 0.904 

5.59 2.931 0.396 3.275 0.283 

5.64 3.405 0.397 3.582 0.216 

5.69 3.343 0.214 3.385 0.199 

5.74 3.042 0.159 3.084 0.162 

5.79 3.148 0.100 3.168 0.086 

5.85 3.195 0.083 3.098 0.063 

5.90 3.232 0.112 3.153 0.052 

5.95 3.199 0.079 3.132 0.037 

6.00 3.037 0.064 3.128 0.047 

6.05 2.994 0.067 3.094 0.073 

6.11 3.054 0.098 3.058 0.071 

6.16 3.110 0.087 3.154 0.061 

6.21 3.148 0.072 3.045 0.061 

6.26 3.085 0.049 3.177 0.082 

6.31 3.112 0.059 2.928 0.094 

6.37 3.074 0.064 3.064 0.063 

6.42 3.009 0.065 3.056 0.067 

6.47 2.991 0.058 3.091 0.076 

6.52 3.042 0.065 2.921 0.060 

6.57 2.941 0.055 2.914 0.065 

6.63 3.016 0.058 3.073 0.062 

6.68 2.946 0.049 3.131 0.066 

6.73 2.921 0.056 2.984 0.056 

6.78 2.985 0.068 

Table A.4: The 100 keV V data 
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E.JMeV V ±5V E,/MeV V ±&V 

5.59 3.406 0.234 5.79 3.096 0.082 

5.61 3.396 0.275 5.82 3.108 0.069 

5.64 3.478 0.175 5:85 3.173 0.061 

5.66 3.423 0.171 5.87 3.105 0.049 

5.69 3.266 0.193 5.90 3.112 0.038 

5.72 3.054 0.158 5.92 3.090 0.028 

5.74 3.071  0.107 5.95 3.078 0.024 

5.77 3.122 0.105 

Table A.5: The '90 V 50keV data 

EfMeV V 

6.99 3.003 0.096 

7.25 3.019 0.058 

7.51 3.027 0.059 

7.77 3.068 0.050 

Table A.6: The '88 V 500 keV data 
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