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ABSTRACT 

Spectra of neutron time-of-flight vs fission frag¬ 

ment energy have been measured for proton-induced fission 

238 030 
of U and Th at a bombarding energy of 9 MeV. The 

proton beam was provided by the Rice University Tandem 

Van de Graaff accelerator, and the two-parameter data were 

recorded with the Bonner Nuclear Laboratories* (1000 x 1000) 

channel computer analyzer. The efficiency of the neutron 

detector system was determined by the H2(d,n)He-^ reaction. 

The energy spectrum of prompt neutrons has been found to 

be nearly Maxwellian in form as expected on the basis 

of evaporation from moving fragments, and the average 

kinetic energy of the neutrons has been found to satisfy 

the relationship E = .74 + .653 ( V + 1)2. 
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I. INTRODUCTION 

Nuclear fission has been a fascinating and vaguely 

understood process since its discovery in the 19^01s. Most 

of the early experimental work was done by chemists because 

of the exotic separation techniques necessary to isolate the 

products. Physicists, however, have since devoted more time 

to this phenomenon than any other form of nuclear reaction 

because of its vast practical applications. Nevertheless, 

fission is such a complex process that it is still the least 

understood of all phenomena of nuclear physics. There has 

been little success in treating it from the standpoint of 

nuclear forces; most theories are of a classical nature. 

The oldest and still most widely used of these is the liquid 

drop model of Bohr and Wheeler,"^ which has had good success 

in predicting the fissionability of yarious nuclides and 

the shape of the deformed nucleus at scission. Since the 

original formulation by Bohr and Wheeler a number of 

o) 
improvements have been made upon the model by Swiatecki ' 

and Hill.-^^ Statistical mechanics has been- applied to the 

fission process (as first suggested by Bohr and Wheeler in 

their original work) in an attempt to predict the rate of 

fission.^->5) A recent statistical model by Fong,^ which has 

not found a great deal of acceptance because of its purely 

statistical nature, has been able to attribute many of the 

observed characteristics of fission to shell structure. 
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7^ 
Also, A. Bohr1J has presented a unified model which attempts 

to attribute quantum mechanical significance to the different 

modes of fission. To date, no one has succeeded in writing 

down a Hamiltonian operator describing the idealized 

situation, followed by the systematic application of static, 

dynamic and statistical methods.^ In addition to the very 

general features, there have been numerous studies of 

specific phases of the fission process. One such phase is 

the emission of neutrons from the fission fragments. 

A number of studies have been made by various 
q JQ ) 

groups ' of the neutron spectra from neutron-induced 
pQ **Q \ 

fission. Others ' have used neutrons and charged 

particles from cyclotrons to study additional aspects of 

the fission process. Because of its natural application 

to reactor physics most of the work has been in the area of 

neutron-induced fission. This is particularly true for 

measurements near threshold where the Coulomb barrier 

inhibits the use of charged particles for such studies. 

However, as interest in the physics of the process increases 

it becomes more and more apparent'^”'^ that Tandem Van de 

Graaff accelerators with their ability to reach energies 

near the top of the Coulomb barrier for heavy elements with 

energy resolutions far superior to those of other devices are 

extremely useful tools for studying the mechanisms through 
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which nuclear fission takes place. Moreover, these charged- 

particle beams do not possess the background problems inherent 

in comparable neutron beams. 

The purpose of this experiment was to investigate 

the number of neutrons emitted per fission and the laboratory 

distribution of the neutron energies for fission induced 

by 9 MeV protons from the Rice University Tandem Van de G-raaff. 

The energy distribution of neutrons was found to be roughly 

Maxwellian in form as predicted by the evaporation theory of 

Weisskopf and others.36*10) The elements investigated are 

238 232 
U and Th . Fission cross-sections were also determined 

as by-products of the neutron measurements. It was not 

possible to determine the energies of the fission fragments 

as a calibration source was not available. The spontaneous 

fission source has become accepted as a standard for energy 

calibrations largely due to the time-of-flight measurements 

34) 
of Whetstone. 



II. PREVIOUS RELATED EXPERIMENTS 

Number of Neutrons per Fission 

Because of its importance in reactor design V , 

the average number of neutrons per fission, has been 

measured for neutron-induced fission of a wide variety 

of heavy element nuclei up to neutron energies of 14.0 MeV. 

Direct measurements of V have been made by groups using 

ionization chambers to detect the fission fragments. The 

more meritorius of these also incorporated large solid angle 

scintillation tanks for neutron detection. Summaries of 

data on V along with additional measurements are given by 

40) 
Mather, Fieldhouse, and Moat ' and Barnard, Ferguson, 

19) 
McMurray, and Van Heerdon. These data, which are presented 

in Table I, indicate that V is a linear function of neutron 

37 38) 
bombarding energy. In addition, Terrell 1' has used data 

on the neutron spectrum^t0 estimate V by energetic 

considerations. 

Charged Particle Fission 

Most of the measurements which were done with neutron- 

induced and spontaneous fission have been repeated with 

charged-particle beams. These experiments have been prompted 

by a desire for a more basic understanding of the fission 

process. The contention that the shape of the fission spectrum 

is due to competition between two modes of fission, one symmetric 



5 

TABLE I 

SUMMARY OF EXISTING £ DATA FOR NEUTRON-INDUCED FISSION 

Nuclide 
Incident neutron 

energy 
(MeV) 

Reference 

Th232 1.98 2.21 40 
3.00 2.29 40 
4.02 2.41 40 

14.0 4.04 19 

u235 Thermal 2.43 19 
3.9 2.94 19 

u238 

14.1 4.56 19 

1.98 2.66 40 
3.00 2.79 40 
4.02 2.97 40 
4.91 3.02 19 

Pu239 

14.1 4.46 19 

Thermal 2.93 4o 
1.99 3.17 4o 
3.00 3.24 40 
4.02 3.33 40 

14.1 5.07 19 
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and the other assymetric, has lead to investigations of the 

energetics of charged particle^induced fission reactions, 
oil 

Britt 9 ' found that for elements heavier than radium 

assymetric fission was the predominent mode for alpha 

particles of moderate energies and that the symmetric mode 

became more probable as the excitation energy of the compound 

nucleus increased. However, Huizenga2®) found that for 

lighter elements near lead the symmetric mode was stronger 

even at low energies. Angular distributions have been 

studied by Huizenga2®* 22# 2^* in order to investigate the 

nature of pairing effects and saddle point deformations. 

Because of the Coulomb barrier, charged particle 

fission cross-sections are comparatively small at moderate 

bombarding energies. Nevertheless, they have been measured 

for alpha-induced fission by Huizenga2'^2-^ using 20 to 50 

MeV cyclotron beams and proton-induced fission by Huizenga-^1) 

and Choppin-^2) with 4 to 9 MeV protons from Tandem Van de 

Graaffs. Both groups found that cross sections were the 

order of a barn at the Coulomb barrier and decreased rapidly 

with decreasing energy. They also found that angular 

distributions were much more isotropic for proton fission 

than alpha fission. Attempts by each group to measure the 

peak-to-valley ratios of the fission spectrum as a function 

of bombarding energy failed to produce any agreement whatever. 
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This was probably due to the difficulty in measuring fission 

fragment energies with solid-state detectors, which will be 

discussed later. 

Angular Correlations 

A pair of experiments very closely related to this one 

47 48) were performed by Fraser and Milton. ,f ' They measured 

angular correlations of fission neutrons and fragments 

which they found to agree with the "evaporation theory" 

predictions of isotropic emission and Maxwellian energy 

distribution of the neutrons in the fragment center-of-mass. 

In addition, they found that the number of emitted neutrons 

varied with fragment mass and about 30fo more neutrons came 

from the lighter fragment of the pair. 



III. THEORY 

With a complete knowledge of nucleons and of inter¬ 

action forces an exact nuclear Hamiltonian for the energy 

of the nucleus could be written in the form 

exact potential of the interaction of the ith and the jth 

particle, and E.M. is a less important term which allows 

for the existence of an electromagnetic field. This last 

term is important for fission if gamma-induced fission is 

exact Hamiltonian could provide an explanation of all nuclear 

phenomena including fission, alpha emission, neutron and proton 

emission, gamma emission, etc. However, application to 

complex heavy nuclei, even with a detailed knowledge of 

V^. would be extremely difficult. Hence, it is necessary 

to replace the exact Hamiltonian with a much simpler one 

(a nuclear model"). A number of such models have had some 

1-7) success in describing certain aspects of nuclear fission. ‘ 

Unfortunately, these theories do not predict the behavior of 

the fission fragments after scission; they do not apply to 

is the 

(1) 

considered . In principle, a nuclear theory based on this 

neutron emission 
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Neutron Spectra 

37) Terrell 7 has made a compilation of experimental 

data^-^) on neutron emission and compared it with 

theoretical predictions.--^^) In treating neutron spectra 

it is generally assumed that: (l) the neutrons are emitted 

from the moving fragments and (2) the angular distribution 

of the neutrons is isotropic in the center-of-mass of the 

fission fragments. This last assumption is made for 

convenience as there is no direct evidence on this point. 

3) However, Hill and Wheeler 7 have suggested that there should 

be a preference for emission along the direction of motion 

of the fragments, which would be true if the fragments were 

still highly distorted at the time of neutron emission. 

For a neutron emitted from a moving fragment at a 

center-of-mass angle © , the relationship between the o cm 

laboratory energy E and center-of-mass energy E is 
cm 

JL 

E = E*. + E + 2(E.pE )2 COS © (2) 
f cm f cm7 cm v 7 

where E^ is the fragment kinetic energy per nucleon, or 
2 

more specifically the energy M^V^/2 of a neutron moving 

with the fragment velocity. For isotropic center-of-mass 

emission the average energies are related by 

(3) 
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The laboratory distribution of energies for given E^ and Ecm 

is 

N(E) = (EE )“2/4 v ' f cm' / (4) 

JL JL p i 1 p 
for ^E2 - E2) < E < (E2m + E

2) and N(E) =0 elsewhere. 

Given a center-of-mass energy distribution ^(-^cm)^ the result 

for a given E is the equation 

i i. O 
(E2 + E|)d 

N(E) 1 dE 
2 cm (5) 

One immediate consequence of this result, which was first 

36) 
given by Feather, is that at low energies the neutron 

JL 

spectrum must be proportional to E2. This property is 

exhibited by all measured fission neutron spectra. 

Fission neutrons are seen to have a distribution 

in the laboratory which is nearly Maxwellian 

13 i x -E/T 
N("E) = (2lT2Ta' ) 2 E2 e (6) 

— 3T 
with an average energy E = =— » By assuming the center- 

of-mass energy distribution to be Maxwellian, Watt obtained 

the distribution 

-E„/T i -E/T i 
N(E) = ( e f /( TTEfT)

2) e sinh(2(EEf)
2/T) ^7) 

for which E = Ef + ^ . This distribution contains the 

Maxwellian distribution as a special case and bears a strong 
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resemblance to It. In these two cases the parameter T is 

not the nuclear temperature of Weisskopf. 

Evaporation Theory 

35) 
Weisskopf treated the process of neutron emission 

statistical mechanically. His "evaporation theory", 

in which the fragments are assumed to behave like a Fermi 

gas, predicts that the center-of-mass neutron energy spectrum 

has the distribution 

? (EoJ = <Ee„/*2) e’Eon/r (8) 

in which T is the nuclear temperature of the fragment. 

36) 
combined equations -(5) and (8) to obtain Feather' 

i i ,2m2 N(E) = (TV
2
/8E

2
T
2
)(F((2E/T)

2
 + (2E /T)

2
 ) 

- F( | ( 2E/T)2 -<2Ef/T)
2|)) 

(9) 

where F(x) = - 2x(2fl) 2 e 
-i -ocV2 

+ (21V) V 
X 2. 

-t / 2 
e dt 

-x 

and is composed of tabulated probability functions. The 

average energy for Feather's distribution is given by 

E = E + 2T. 

Although the distribution of Feather does not agree 

37,38) 
with experimental data, Terrell has shown that by 

assuming T to cover a range of values the relationship 

E = Ef + 2T (10) 
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does agree with experimental results. From a number of 

measurements of fission fragment energies, Terrell has 

determined E^ = 0.74 + 0.02 MeV. By fitting data on E 

he has found that the average nuclear temperature T is 

from 0.6 to 0.7 MeV. He has also predicted the distribution 

of nuclear temperatures based on Weisskopf's evaporation model 

to be approximately Gaussian with an average value of 

where is the average number of neutrons per fission, a 

is a constant which increases slowly with atomic mass, and 

Eo£^6.7 MeV is the excitation energy change per emitted 

neutron and also the average total gamma ray energy. 

Application to available data has lead to the result 

T ^ j ( (y + 1) Eo/2a ) 
1 
2 fii) 

1 

E = 0.74 + 0.652 {» + l)2 (\MeV). i 12) 



IV. EXPERIMENTAL PROCEDURE 

A beam of 9 MeV protons from the Rice University 

Tandem Van de Graaff accelerator was used to bombard the 

238 P32 
nuclei of U and Th . The targets were vacuum deposited 

on to gold foils to thicknesses of 75 to 100 pig/cm2 (^2 MeV 

for fission fragments). These foils were placed In the chamber 

with the target material on the same side of the beam as 

the solid-state detector; this prevented the backing from 

degrading the detected fragments. The associated particle 

technique was used to make time-of t-f light measurements of 

the energies of fission neutrons. The neutron flight time 

and corresponding fragment energy were recorded as a single 

two-parameter event in the Bonner Nuclear Laboratories’ 

computer analyzer. The flight time is related to the energy 

.41) 
of the neutron by 

71.9 , . 
t = ■— ■ nanosec/meter* (13) 

IT 
where E^ Is the neutron kinetic energy in Mey. 

Scattering Chamber 

The scattering chamber employed in this experiment is 

shown schematically in Figure 1. This chamber was built at 

Rice for the purpose of studying reactions involving three 

particles in the final state. However, It is very versatile 

and lends itself nicely to this experiment. A detailed 

description of this chamber is presented in Bronson’s 

39) 
doctoral thesis The chamber has been modified slightly 



Figure 1. A simplified drawing of the charged - 

particle angular correlation chamber showing 

the beam-defining telescope, counter arms 1 and 

2, the target holder, and the Faraday cup system 

with target for determination of energy calibration 

points using known neutron thresholds. 

A 

Legend: 

Tantalum disc with .0995" aperture 

B Quartz disc with 3/l6" aperture 

C Ledex Rotary Solenoid 

D Counter holder and telescope 

E Target holder 

F Counter arm 2 

G Faraday cup and neutron threshold system 

H Threshold target positioning rod 

I Neutron threshold target 

J Cold trap 

K Slewing port (covered when not used to 

read scales) 

L Graduated angular scale 

M Counter arm 1 

N Beam-defining telescope 

0 Beam tube of Van de Graaff accelerator 

P Diffusion pump port for Faraday cup system 
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from Bronson's original design. The entrance slit system has 

been replaced by a retractable slit which is operated by 

compressed air and can be removed from the beam path once 

it has been aligned. This reduced the number of background 

neutrons. Background was also reduced by allowing the beam 

to pass through the chamber and into a shielded absorber 

30 feet away. 

Solid-State Detector 

An ORTEC Series 7904 silicon surface barrier detector 

was used to measure the energies of the fission fragments. 

These detectors are especially designed for fission work* 

having a very thin depletion depth (40 microns) and a low 

resistivity (300 ohm-cm;. Extreme care must be taken when 

using solid-state detectors for fission work (especially 

time**of-flight work). Appendix A discusses the importance of 

charge collection for high ionization producing particles 

such as fission fragments. 

In this experiment it was necessary to measure the 

characteristics of the detector carefully in order to insure 

that the fission spectrum was accurately reproduced and that 

detector rise time was independent of fission fragment energy. 

Figure 2 shows the characteristics of two ORTEC 7904 detectors. 

Detector 1 was used in this experiment. The reverse current 

had to be monitored when the bias was set because of the 

large potential drop across a 22 meg ohm resistor in the 



Figure 2. Characteristics of two ORTEC Series 7904 

silicon surface barrier detectors. A comparison of 

the actual bias across the detector with the applied 

bias shows how reverse currents of several hundred 

nanoamps can cause appreciable loading for thin 

detectors requiring less than 100 volts bias. 
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biasing circuit. The reverse current was very stable for 

runs lasting ten to twelve hours, insuring a fairly constant 

bias. Just how critical the detector bias is in measuring a 

fission spectrum is illustrated in Figure 5. In some early 

runs it was noticed that the time-of-flight axis of two- 

parameter data was skewed by the dependence of charge 

collection time on fission fragment energy. This effect 

disappeared when sufficient bias was applied to the detector. 

Neutron Detector 

The neutron detector employed consists of an NE 222 

liquid scintillator 5 inches in length and 5 inches 

in diameter, mounted on two Amperex 56 AVP photomultiplier 

tubes. The scintillator characteristics are: pulse height 

78$ anthracene, decay time 5.8 nanosec, 100$ hydrocarbon, 

specific gravity 0.88, and atomic ratio H/C of 1.21. 

Coincidence between both photomultiplier tubes was required 

to reduce accidentals due to tube noise. 

Technique 

A block diagram of the circuitry used to collect the 

two-parameter data is shown in Figure 4. With the neutron and 

fission fragment detectors placed on opposite sides of the 

beam, perpendicular to the beam direction, and in the same 

plane a neutron resulting from one fragment is detected in 

coincidence with the other fragment. The outputs of the 

two time pick-off units are fed through a two-fold "and" 



Figure ;5» Variation of fission spectrum with bias 

The pulse height and spectral shape of the fission 

spectrum change with bias until the saturation 

region is reached. 

Figure 4. A block diagram of the circuitry used 

for two-parameter measurements of neutron time- 

of-flight versus fission fragment energy. The 

arrows indicate the direction of flow of infor¬ 

mation through the circuitry. 
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and into the time to pulse-height converter after being delayed 

for about 1500 nanosec. This pulse serves as a "start" 

signal for the converter. The pulse from the fission detector 

is fed through a charge sensitive* low noise preamplifier 

(Tennelec Model 100A) and then broken into two branches. 

Each branch goes to a COSMIC Radiation Laboratories Model 

901 linear amplifier. The prompt output of one COSMIC is 

sent to the converter to serve as a "stop" pup.se. The out¬ 

put of the converter is fed to another COSMIC. The prompt 

output from this COSMIC is used to trigger the computer 

analyzer gate while the delayed output serves as one input. 

The delayed output from the other COSMIC provides the second 

analyzer input. The prompt output from this COSMIC can be 

used to monitor the fission free spectrum for the purpose of 

cross-section determinations. There is an additional computer 

input which can be used to record the pulse-height of the 

neutron detector when desired. 

Calibrations 

The charged particle side of the computer analyzer 

was checked for linearity with a pulser* but no energy 

calibration was made because of the unavailability of a 

fission calibration source (usually C^ }. The time-of- 

flight input was also checked for linearity and calibrated 

by delay-pulse-height measurements and found to be non-linear 

* for high channels. This required special care in analyzing 
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the data, and an effort was made to use the lower channels only. 

The absolute efficiency of the neutron detector was determined 

3 
by comparing coincidence counts in the He peak from the 

H (d,n) He reaction with the free He^ spectrum. 

A detailed discussion of this efficiency measurement 

42) 
technique appears in the masters thesis of ¥. R. Jackson. 

With the choice of a 200 kev cut-off, the efficiency computed 

as in Appendix C gives a good fit to absolute data points 

measured as described above {see Figure 5). Since this is a 

two-body reaction producing monoenergetic neutrons when 

coincidence is required between the observed neutron and 

3 
He particle, one can experimentally determine the absolute 

efficiency of the detection system by simultaneously taking 

3 
spectra of the He particle in free and coincidence modes 

at the appropriate neutron and charged particle detector 

3 
angles. The efficiency will be given by the ratio of the He^ 

3 
coincidence peak to the He free peak. Care must be taken 

3 
to assure that all neutrons corresponding to the He particles 

detected in the charged particle detectors are emitted within 

the solid angle subtended by the neutron counter. Also, one 

must be sure that the two detectors are in the same plane 

as this is a two body reaction. 



Figure 5« A comparison of theoretical neutron 

detection efficiency determined as in Appendix C 

with the experimentally determined absolute 

efficiency for neutron detection. 
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V. RESULTS 
\ 

A summary of the results of this experiment appears 

in Table II. The data taken from the two-parameter analyzer 

has the form shown in Figure 6. The "contour" plot shows 

the locations of the neutron and gamma ray peaks. These 

peaks are not due to the neutrons and gamma rays themselves 

but the variation of the fission spectrum with fragment energy. 

238 Figure 7 shows a two parameter fission spectrum for U . The 

peaks in Figure 6 correspond to the two fission peaks in 

Figure 7. 

Fission Spectra 

Figures 8 and 9 are fission free spectra taken with 

the analyzer in a single-parameter mode. The peak-to-valley 

ratios of these spectra are an indication of the relative 

strengths of the symmetric and assymetric modes of fission. 

NT is the number of counts in the light fragment peak, N„ the 

number is the heavy fragment peak, and Ny the number in the 

valley. In general, the symmetric fission mode is stronger 

in the lighter nuclei while the assymmetric mode is stronger 

for the heavier fragments, but the data in Figures 8 and 9 

appear to be contrary to this trend. This effect can be 

238 
explained by noting that symmetric fission of U + p 

gives Z PS- 47 and A 120 which is closer to shell closure 

than Z H6 and A £3117 for symmetric fission of Th2^2 + p. 

238 
The light peak ratio N^/Ny of 3.00 for U does not agree 



Figure 6« A typical two-parameter pulse-height 

distribution of neutron and gamma yield versus 

neutron time-of-flight and fission fragment energy. 

This particular pulse-height spectrum is for 9 Me^ 

232 
protons on Th. 

Figure 7. Two-parameter fission pulse-height 

spectrum showing how the fission yield varies 

with the energies of the two fragments for 9 MeV. 

238 
proton-induced fission of U. Ideally the two 

peaks should be mirror images. 

Figures 8 and 9» Pulse-height distributions of 

fission fragments from proton-induced fission of 

238 232 238 
U and Th. For the U spectrum the energies 

of the light and heavy fragment peaks are roughly 100 MeV 

232 
and 70 MeV. For the Th spectrum they are roughly 

89 MeV and 56 MeV. 
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well with previously measured values. The big discrepancy in 

these results is probably due to the difficulty in measuring 

fission spectra with solid-state counters. 

Neutron Spectra 

The neutron time-of-flight spectrum was obtained by 

projecting the two-parameter data such as that in Figure 6' 

on to the time-of-flight axis. These spectra appear in 

Figures 10 and 11. By assuming the gamma rays to travel 

with the speed of light over the 1.52 meter flight path 

the zero time on the time -of n-f light axis was determined 

to be displaced 5.07 nanosec from the gamma ray peak. 

The delay-pulse-height calibration along with equation (13) 

was used to convert the time-rof-flight spectrum into an 

238 
energy spectrum. The neutron energy spectra for U and 

Th232 are ghQWH j[_n Figures 12 and 13. The plot of 

i. 
N(E)/E2 should be approximately a straight line on a semi¬ 

log plot., a Maxwellian distribution. The data in these 

figures exhibits this property once the neutron energy is 

high enough to make the effect due to the fragment velocity 

negligable. These neutron energy distributions do not have 

the Maxwellian shape because neither detector covered a solid 

angle of 4 IT steradians. However, by applying equation (2) 

for $nni = 0 to obtain E°, the average laboratory neutron 

energy in the direction of fragment motion, it was possible 
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Figures 10 and 11. Neutron time-of-flight pulse-height 

distributions measured along the direction of fragment 

238 232 
motion for 9 MeV proton-induced fission of U and Th. 

The gamma peaks correspond to a flight time of 5.07 nanosec 

over a flight path of 1.52 meters. Time increases from 

right to left at rates of the order of 4.5 nanosec per 

238 
channel for the U spectrum and 6 nanosec per channel 

232 
for the Th spectrum. 

Figures 12 and 13. Neutron energy distributions for 

9 Me^ proton-induced fission of and T'h2^^ 

measured along the direction of fragment motion. 

The spectra do not exhibit a Maxwellian shape at 

low energies because of the effect of fragment 

velocity on the laboratory distribution. 
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to compute Ecm» E and p were then computed from equations 

(3) and {12) with E^ taken as 0.74 MeV. 

A direct computation of P” was obtained by applying 

equation (10) of Appendix B to the neutrons from the light 

and heavy fragments and combining the two results. For these 

calculations E was assumed to be 0.5 MeV for the heavy 

38) 
fragment group and 1.0 Mey for the light fragment group. ' 

The results of these two independent calculations agree 

extremely well considering the accuracy of the experiment. 

A rough estimation of the fission cross-section was 

possible because a monitor counter was used to record the 

free fission events. Even though it was not possible to 

record the integrated beam current with the experimental set¬ 

up employed, by using an average beam current it was possible 

to calculate the fission cross sections. The values obtained 

do not agree well with other measurements which was expected, 

but they are within an order of magnitude. 



VI. CONCLUSIONS 

The average number of neutrons was found to be about 

a half-unit lower for proton-induced fission than values 

reported for neutron-induced fission at the same energy. 

This result seems consistent since the fragments from 

proton fission will fall slightly nearer the stability 

line than those from neutron fission. The cross-sections for 

proton-induced fission of elements with Z > 90 are high 

enough at Tandem energies to provide the experimenter with 

a wealth of experiments with which to further investigate 

the nature of the fission process. 

This experiment has served primarily as a stepping- 

stone to more sophisticated experiments in which four-r 

parameter measurements of fragment flight times and energies 

for both fragments can yield much information about highly 

deformed "transition state" nuclei. Such experiments will 

require basically the same experimental techniques as this 

one. 



APPENDIX A 

Charge Collection in Fission Detectors 

When a charged particle passes through a region 

of a surface barrier detector it looses energy by producing 

electron-hole pairs. In the wake of the incident particle 

a microplasma is produced whose total liberated charge is 

43) 
give by ' 

qE £ 
Qj^ = x 10 jl) 

where E = energy in MeV lost by the incident particle, 

<= = average energy in ev required to form an 
electron-hole pair, 

and q = electronic charge. 

This charge constitutes the signal information which is 

conveyed to the external circuitry by its motion due to an 

applied electric field. For a fission fragment of 75 MeV 

44) 
in energy and £ ^ 3 ev around 25 million electron-hole 

pairs will be produced along a track of the order of 20 f* 
2 j5 Y 

(5 mg/cm ) in silicon. ' Thus, the fission fragment produces 

a very dense plasma near the surface of the detector. For a 

pulse proportional to the energy of the fragment to be 

recorded this dense plasma must be dispersed, and the free 

carriers made to travel- the full length of the detector with¬ 

out appreciable loss. The two major factors which provide 

this ideal signal are the fraction of the total liberated 

charge collected (efficiency) and the rate at which the 

charge is collected (rise time). 
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The efficiency of a semi-conductor detector according 

43) 
to Miller and Gibson depends on the loss of carriers due 

to either being trapped in transit across the device or 

recombining along the initial track. In the case of fission 

fragments it is primarily this latter effect which prevents 

total charge collection. 

The most significant recombination process takes 

place via recombination centers within the forbidden 

energy gap in two stages. First the positively charged, 
ionized donor atom captures an electron and then the 

resulting neutral complex captures a hole. If N is the 

number of electron-hole pairs and ^ the recombination 

lifetime, then the rate at which carriers are lost by 
recombination can be written 

dn n 

dt” ” r 
(2) 

plus some insignificant terms due to radiative recombination 

and the formation of positronium-like complexes. The 

recombination lifetime as a function of carrier density 

45) 
is given by 

T = 
Yo[i + 

'TOT ('Vpa 

+- %0 ( P°+ Pi) ■] (3) 

H- ( 
/Vi 
/Vi 0 -f po ■) 

where ^ is the lifetime for very loxtf injected carrier 
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concentrations, 'Yb and ^^are the mean lifetimes for capture 

of holes and electrons respectively on the centers of interest, 

and p are the initial hole and electron concentrations o *o 

before the projectile struck, n-j_ and p^ are the equilibrium 

hole and electron concentrations that would exist if the 

Fermi level were located at the point of interest, and 

is the total number of electron-hole pairs prodqced. Assuming 

the recombination centers to be phosphorus and taking ^ 

10 sec (the longest reported lifetime for silicon) 

8 43) 
gives 'Y = 4 x 10 sec. From equation -(2) 

~ 
sv\ Y ' ' 

-9 
Assuming a plasma time of 2 x 10 sec gives a carrier 

43) 
loss of 5f°. This is of the order observed for fission 

detectors. 

Miller and Gibson have found experimentally that total 

charge collection could be achieved for fission fragments by 

increasing the bias and lowering the resistivity of material 

(see Figures 14 and 15)» Both processes tend to increase 

the electric field and thus break-up the plasma before 

significant recombination has had time to occur. 

The second major factor in charge collection, rise- 

time, becomes particularily important when using the solid- 

state detector pulse for a "stop" ("start") pulse in 

associated particle time-of-flight measurements. For any 

given bias setting the transit time of the liberated carriers 

is roughly independent of the energy of the incident particle. 



Figure 14. Charge collection efficiency versus 

applied bias for detection of fragments from the 

25 p 
spontaneous fission of Cf with a diffused 

juction detector. Detection efficiency is slightly 

better for surface barrier detectors. 

Figure 15« Dependence of charge collection 

efficiency on resistivity and depletion depth 

for the detection of fission fragments from the 

25 2 
spontaneous fission of Cf ^ , 
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However, the plasma time depends very strongly upon the amount 

of ionization produced and its concentration. This means 

that fission fragments of different energies may result 

in pulses of different rise times. Writing the average 

charge collection time as 

T =— + St {5) 
v 

where d is the detector thickness and v the thermal velocity 

of the carriers shows a linear dependence upon plasma time. 

For a 1 mm thick detector (assuming thermal velocities 

107 cm/sec) the first term is^ 10 ^ sec. However, 

is at best the order of several nanoseconds. It is this 

plasma time which constitutes the rise time of the detector 

and which must be made constant in order for the rise time to 

be energy independent. 

For insufficient bias settings rise time variations 

of 40-50 nanoseconds ha^e been observed for fission fragments 

238 
from U . It has been found that these variations can be 

eliminated by applying a sufficient bias to the detectors. 

In the case of some detectors this may require exceeding the 

warranted bias. In any case, it is advisable to monitor the 

reverse current when working with low bias detectors since the 

voltage drop across the bias circuit resistor can be of the 

same order as the actual voltage across the detector. 



APPENDIX B 

Fission Neutron Angular Correlation 

To know the fraction of emitted neutrons actually 

falling into a given solid angle in the laboratory* it 

is necessary to transform the energy and angular distri¬ 

butions in the center-of-mass system of the fragment to 

the corresponding laboratory distributions. Assuming the 

neutrons are emitted from fragments which have achieved 

their maximum velocities* calculation of the Jacobian 

38) 
gives the basic result 

N(E,e) = (E/Ecm)*N0m(Eom'eom) (D 

in which N and N.m are the corresponding yields in the 

laboratory and center-of-mass systems* per unit energy 

range and solid angle. If the emission spectrum is 

assumed to be Maxwellian and isotropic* equation -(l) 

becomes 

N(E*eO = |(E/fKT"T e 
3 -z JL -(E + Ef 2(EEf5)

2 cosG)/T 
^rn-3\ 2 1 J- (2) 

Integration over the energy spectrum gives the over-all 

laboratory angular distribution 

N(e) = (l/4Tr) (l + (2Ef/T)cos
20) ( 1 + P-((2Ef/T)

2cose)) 

: - (Ef)/T)sin
2G 1 -Ef/T, 

x e + (1/2ir) (E^/fhT)2 cos0 e * 
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where P(x) is the normal probability integral 
X o 

_1_ ^ 

P(x) = (2^ ) / \e /2) dt. 

=x 

(4) 

N(@) is normalized to unity. 

For a laboratory angle 9', the fraction of neutrons 

falling into the solid angle subtended by this angle is 

9* 

, 2 ■ 

1(9') = J 2 7T N(9)sin9d9 = t+^P((2Ef/T) ) 

0 (5) 

-|exp( - (E /T-)sin 9«) cos9« (l + P f (2E /T2 )) f' ' ' ' '' r 
Consider an experimental arrangement as shown in the 

following diagram: 

(nz 

I ci-fl 

in which dJln is the solid angle of the neutron detector* 

-ft. £ is the solid angle of the fission detector* and d -ft-£ 

is an element of the fission detector solid angle. The 

coincidence yield is given by 

Nc = )<r^eP d-/1f 
V N

Jen ~ 6P d'/1n* 

The fission differential cross-section (TX-B^)* the neutron 

solid angle dJln* and the average number of neutrons per 

fission P are constants which can be brought outside 



the integral sign leaving 

Nc = P<TcUi J N(en - ef)dJif. 

This integral is evaluated in equation (5^ so that 

N =^<Tdil 1(0). 
c n i 

The corresponding fission yield is given by 

nf = /<T(ef) = <TAt 

By combining equations (8) and (9)* the number of 

neutrons per fission can be written 

V = 

N SL 

Nfl(ef)dJln 

ID 

(8) 

(9) 

(10) 

This equation can be used to evaluate V when the spectrum 

is obtained from a system subtending small solid angles in 

the laboratory. 



APPENDIX C 

Neutron Detection Efficiency 

For a crystal (liquid) scintillator consisting entirely 

of carbon and hydrogen, in which multiple scattering is 

neglected, the neutron detection efficiency may be quite 
46) 

easily calculated. Let N be the number of carbon atoms 

per cm and N^ the number of hydrogen atoms per cm in the 

scintillator. Let A (E) be the total n-p cross-section and 
P 
12 

A-(E:)^the total n-C cross-section as a function of neutron 

energy. If NQ represents the number of neutrons initially 
O 

present per cm in the incident neutron beam, moving in 

the "x" direction, then 

dN = - N(NpAp(E) + NcAc(E))dx 

and 
- (N A (E) + N AiE))x 

N=N0e 
PP C° 

2 
where Niis the total number of neutrons per cm as a 

function of position x in the crystal. 

-The number of recoil protons N' is therefore given 

by 

N» = 

o 

s 

NNpAp(E)dx, 

where s is the length of the crystal 



N' = 

,,, - (N UB), + N Ac(E))s 
NoNpApfE) ( 1 - e P P 00 ) 

N A (E) + N A (E) 
P p' ' c c' ' 

The absolute efficiency is then given by 
42) 

N« 
EFP = W(! . B/E), 

where the quantity in parenthesis accounts for any biasing 

effects which prevent the detection of neutrons below a 

particular neutron energy: B. Corrections for multiple 

scattering can be made by re-applying the above arguments 

to the single scattered neutrons. This correction amounts 

to about 15$ of the single scattering result. 
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