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Neutron Spectra Emitted by " 9 P u , 2 3 8 U , Z 3 5 U 

Pb, Nb, Ni, Fe, Al, and C Irradiated by 14 MeV Neutrons 

John L. Kammerdiener 

(Ph.D. Thesis) 

ABSTRACT 

The ICT time-of-flight facility at Lawrence Livermore Laboratory 

was used to measure the elastic and inelastic differential scattering 
239 

cross sections of nominally 14 MeV neutrons from targets of Pu, 
2 3 3 U , 2 3 5 U , Pb, Nb, Ni, Fe, Al, and C. Ring geometry and time-of-

flight were used to measure scattered neutrons over four decades of 
3/2 energy between 10 keV and 14 MeV at an energy resolution of E /200 

(MeV). Measurements were made in 5 degree increments between 20 and 

160 degrees (lab) with an angular resolution of 2 degrees. An Ne 213 

scintillation detector was used to detect scattered neutrons with 

energy greater than one MeV. Pulse shape discrimination circuitry 

allowed simultaneous recording of both neutron and gamma (pulse height 

spectrum) data with low background. A Li-glass detector was used for 

measurements below 1 MeV. Statistical uncertainties are less than 10%. 

Scattering from the 1 cm x 2 cm x 22 or. ring targets was corrected for 

multiple scattering, flux attenuation, isotopic abundance by Monte 

Carlo calculations. The 2 levels of Fe and Ni were clearly resolved 
— 239 238 

but 3~ levels expected at similar excitation energies in Pu, U, 
2 3 5 U were not seen. 
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I. INTRODUCTION 

The applied science of controlled thermonuclear reactor design 
has made it imperative that neutron transport calculations be accurate 
for neutron energies up to 14 MeV. Recent testing of such calculations 
against simple integral experiments has drawn attention to the lack of 
good cross section data for neutron scattering in the region near 14 

1 2 3 4 5 MeV. ' ' ' ' These measurements were undertaken to partially 
correct that deficiency and define the necessary neutron transport ^ode 
inputs. 

The ICT facility at Lawrence Idvermore Laboratory was used to 
measure the neutron emission spectra from ring geometry targets of 
pqq 93ft 935 

Pu, U, U, Pb, Nb, Ni v Fe, Al, and C. The targets were bombarded 
by nominally 14 MeV neutrons produced by the T(d,n)'*He reaction. Mea­
surements were made with higher energy resolution and over a greater 
energy range than had been previously possible in this type experiment. 
The differential cross sections derived from these data mere ceerected 
for flux attenuation and multiple scattering. 

Time resolution was less than l.S nanoseconds FWHM (full-width-
half-maximum) at 831 centimeters flight path. The neutron emission 
spectra were measured over four decades of energy, from 14 MeV to a 
few keV. 

-Ring geometry and time-of-flight techniques were employed. Mea­
surements were made in three overlapping energy ranges. A NE 213 scin­
tillation detector was used in two steps to measure the energy range 
14 MeV - 1 MeV. A Li-glass scintillation detector was used to extend 
the range to 10 keV. Pulse shape discrimination was used above 1 MeV 
to suppress gamma background 
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Neutron cross section measurements are difficult due to the basic 

nature of neutron interactions with matter. The primary physical phenomena 

used in observing the results of nuclear interactions is the Coulomb force 

field. The neutron interacts only weakly with a Coulomb field through its 

magnetic dipole. The experimentalist is thus constrained to observing 

the effects of charged particles first scattered by neutrons via the 

nucleon-nucleon interaction due primarily to the strong nuclear force. 

Neutrons interact only once in reasonably sized detectors and deposit 

only a fraction of their energy. For this reason, the direct determina­

tion of neutron energy is exceedingly difficult. The time-of-flight 

technique is the best known method for measuring neutron energy arri was 

used here. 

The time-of-flight of each observed neutron is accurately determined 

by bonbarding the scatterer with short pulses of neutrons and using elec­

tronics with sub-nanosecond resolution to measure the elapsed time between 

neutron generation and detection. In the present experiment, the 

source-scatterer distance was made small compared to the scatterer-

detector distance such that the elapsed time measured was the flight 

time of the scattered neutrons. With the flight time known, a relativistic 

calculation, quickly made by the computer, yields the energy of the scat­

tered neutron. 

Thus constrained to a time-of-flight experiment, ring geometry 

was chosen as the best of several alternative methods. Ring geometry 

is described and compared to cylindrical geometry and flat plate geom­

etry in appendix A. It was chosen because it came closest to fulfulling 
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the needs of a good neutron cross section measurement in the present 

case. 

The needs of a good neutron cross section measurement are: 

1. Good energy resolution. 

2. Good spatial definition. 

3. Coverage of energy range of interest. 

4. Adequate statistics. 

5. Reasonable running time. 

Each of these needs will be discussed briefly and the results ob­

tained in these measurements will be noted. 

Good energy resolution is obtained in time-of -flight by using 

an isoergic source in short time pulses coupled with a long flight path. 

Short time pulses result in a low duty cycle which then causes a low 

soiree flux of neutrons. Long flight paths reduce the neutron flux at 

the detector. These factors must be balanced in order that adequate 

statistics can be obtained in reasonable running times. The energy reso-
3/2 lution of these experiments was E /200 where E is the observed neutron 

energy in MeV. 

Good spatial definition is required for three general reasons. First, 

the scattering angle is defined only to the accuracy of the angle intercepted 

by the scatterer. Correction for this effect is extremely difficult if not 

impossible. Second, multiple scattering in the scatterer is proportional 

to the distance the scattered neutron must travel through the scatterer 

after f i rs t scatter has occured. This distance must be. limited to less 

than l/>+ mean-free-path if reasonable multiple scattering corrections 
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are to be r.iade using some type of multiple scattering calculation. The 
above two requirements can be met, and good spatial resolution obtained, 
only when trie scatterer is very small. The scattered flux of neutrons is 
directly proportional to the scatterer's mass. High mass scatterers and 
good spatial resolution are possible in ring geometry. The rings used 
in these experiments had an average radius of 11 centimeters, were 1 
centimeter thick axially and 2 centimeters thick radially. The scatterers 
intercepted an angle of 3 to 5 degrees, depending on angle, thus giving 
fair angular resolution and the scattered neutron traversed less than 
1/U mean-free-path of the scattering material, yielding data which could 
be corrected for multiple scattering using Monte Carlo calculational 
techniques. The third requirement of good spatial definition is that 
scattering be observed at a sufficient number of angles to determine an­
gular distributions of the scattered neutrons. This is especially im­
portant for source neutron energies as high as It MeV, which was the 
case here. Neutron scattering was observed in 5 degree intervals between 
25 and 85 degrees and in 10 degree intervals to 155 degrees. Since scat­
tering was observed at as many as 20 detector positions, running time 
at each angle had to be minimized. 

Since the scatterer mass in grams was 138 times its density, the 
flux of scattered neutrons was kept high and adequate statistics were 
obtained quickly. The energy range of an experiment is determined by 
the type of data needed. It is desirable in this case to determine the 
total number of scattered neutrons. 7o accomplish this, the flux of scat­
tered neutrons was measured at energies from a few keV to source energy, 
an energy range of four decades. Since neutron flight times scale as 



5 

r± grre -—-,low energies are observable at long flight path only when 
/Energy 

the pulse rate, and therefore the duty cycle and source flux, are very low. 
The measurements over the complete energy range of interest were thus 
expedited by making three separate measurements, each tailored to a por­
tion of the energy range. 

Using ring geometry and subdividing the energy range of observation 
into three parts, adequate statistics were obtained for each isotope in 
about one hour running time per angle. Counting statistics were kept 
at less than 10% over the entire energy range of interest. 
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II. Experimental Method 

The neutron emission spectra from most of the targets reported 

were measured in three steps, covering three overlapping energy ranges. 

Since each of the three steps concentrated on detecting neutrons in a 

different energy range,experimental technique varied greatly with each 

I shall note these differences while describing the experimental methods 

all three had in common. The three steps will be referred to as hign, 

medium, and low anergy. 

High energy covers the energy range of the maximum energy scattered 

neutron (14 MeV) down to 4 MeV. In this range-., time and energy resolu­

tion of the incident neutron pulse were kept at the minimum value attain­

able experimentally. Scattering was observed at many angles. This 

region covers the bulk of the experimental data. These data have finer 

energy resolution, and measured energy distributions cover more scattering 

angles, than achieved hereto. 

The low energy measurements employed a 1/ -glass scintillator to 

measure neutrons in the energy range 2 MeV-10 keV. This was the first 

time emission spectra from targets bombarded by 14-MeV neutrons were 

measured to such low energy. Only the 95° (LAB) spectra were observed, 
c 

since scattering to this energy range can be assumed isotropic to within 

the accuracy the absolute detector efficiency is known. 

The medium energy measurements employed a doubly biased NE 213 

detector to measure neutrons in the energy range from 600 keV to 14 MeV. 

Ehphasis was placed on the region between 1 MeV and 5 MeV. This measure­

ment thus overlapped the high and low measurements and completed the range 

of emission energies. The spectra were measured at 45°, 95°, and 135° in 

this mode. 
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IIA. Neutron Source 

Source neutrons were generated by the Lawrence Livermore 
Laboratory Insulated Core Transformer facility. The high neutron fluxes 
generated by this accelerator allowed rapid data acquisition. The 
machine was operated in three different modes in order to take the 
high, medium, and low energy data. Fig. 1 is a schematic of the 
ICT facility snowing the three modes of operation used. Route I, 
denoted by the single line, was used for high energy data; route II 
was used for medium energy data; and route III was used for low energy 
data. 



NEUTRON SOURCE Fi«.i 
Duo Plasmotron 

Ion Source 
Arc Pulsed 

Peak Currant 
20 ma 

Pulse Rate 
0-10 kHz 

I 

Continuous 

Current 

lOma 

I 

Radio Frequency 
Ion Source 

Peak Current 0.7ma 

I 
Lissajou Sweeper 

Sweep Rate 2.5 or 5.0MHz 
Pulse Width l5-75nsec 

HIGH VOLTAGE ENGINEERING ICT ACCELERATOR 
Energy Range 1 0 0 - 5 0 0 keV 
Ions Accelerated H|+, H 2 + t D (+, D 2+ 
Power Supply 20ma <§> 500 kV en 

Beam Line Sweeper 
Rise Time 7r,sec 
Fall Time lOnsec 

Sweep Rate 
Locked To 
Arc Pulser. 

(0-10 kHz) 
Pulse Width 
.025-100 

//.sec 

Sweep Rate 

~ MHz 
3 ^ n ^ l 0 

Pulse Width 
.035 yxsec 

Klystron Buncher 
Frequency 10 MHz 

Bunching Ratio 20;I 
Energy Range !50-500keV 

Pulse Width 
3nsec FWHM 

Gaussian 

I 
Pulse Width 
l.5nsec FWHM 

Gaussian 

I 
TRITIUM-TITANIUM TARGET 

Volume Tritium - 3 c m 3 , STP 
Thickness T l tan ium-4mg/cm^ 

Target Backing 2.06cm Diameter Tungsten — .051 cm Thick 
Neutron Yield — I Neutron per 4 x 1 0 Deuterons @ 400keV 
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1IA.1 Insulated Core transformer (Positive Ian Accelerator) 

The High Voltage Engineering ICT - Model SOON accelerator^ was used 
to accelerate the h ions. Low and medium energy runs were made using 

+ • + 
4-00 keV D ions. High energy runs were made using 190 keV D ions to 
improve the isotropy of the neutron source and to improve the energy 
resolution caused by the spread in reaction energy of the D ions (see 
Sect. IIA.8) The machine automatically maintained terminal voltage to 
within a few kV. Manual override by the operator kept the accelerating 
potential constant to within a kV, so that the buncher stayed in phase 
with the pulsed beam. 

Reference to a company or product name does not imply approval or 

recommendation of the product by the University of California o r the U. S. 

Atomic Energy Commission to the exclusion of o thers thai may be 

suitable. 
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11A.2. D Ion Source 

The ICT has two ion sources available, each capable of supplying 
+ + + + . , 

D , Dj, H , and H 2 ions. The ion sources are located m the machine 
terminal where they see the terminal voltage as ground. 

The Duo-Plasmatron source is capable of microsecond pulsing and 

D.C. operation. The RF source is coupled to a terminal mounted sweeper 

which allows nanosecond pulsing of the beam. 

IIA.2.a. RF Ion Source and Sweeper 

The RF ion source operates at peak currents of 1 ma. D ions 

are extracted through a voltage of several 10's of keV and focused on 

an aperture by a three element Einzel lens. The beam is swept at 2.5 MHz 

(crystal controlled) in both the horizontal and vertical directions, thus 

crossing the aperature once each cycle, resulting in a pulse of ions every 

400 nsec. This pulse can be varied in length from 15-75 nsec. The 

pulse is then accelerated by the ICT to ground. 

The RF ion source wa5 used for the high energy runs. The sweeper 

was modified by grounding the horizontal sweeper plates, thus causing 

double passage over the aperture each cycle, resulting in a pulse each 

200 nsec. Slightly unequal (in time) sweeping resulted but this was overcome 

by modifying the electronics.(See Sec.II.D.l) Pulse length was 35 nsec. 

The tsulse was bunched (See Sec. IIA.3) after acceleration. 
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IIA.2.b. Duo-Plasmatron Ion Source and Sweeper 

The Duo-Plasmatron ion source operates in a D.C. mode at 10 mA or in 
microsecond pulse mode vdth 20 mA peak current. Both of these modes were 
used, but in each case a beam sweeper was inserted into the beam line after 
the accelerator. The sweeper operates either at the Duo-Plasmatron 
pulsing frequency or at a frequency of 2.5 MHz/n, where 3 >̂  n >_ 10. 

The Duo-Plasmatron source was employed in the D.C. mode for the 
sedivsa energw runs. The swaeper was operated at 733.3 kHz and "tte 
pulse length was 35 nsec with a peak current of 7 ma. Rise time for 
the pulse was 7 nsec. Fall time was 10 nsec. The pulse was then 
bunched (See Sec. IIA.3). 

the Duo-Plasmatron was arc-pulsed for the low energy runs. The 
sweeper was phase locked to the arc pulser and used to reduce the 
pulse length to either 100 nsec or 500 nsec. The buncher was not 
used when low energy data were taken. 
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IIA.3. Buncher 

A gridded klystron buncher, operating at 10 MHz, was employed for 

both high and medium energy runs. The buncher KQS redesigned to allow opti­

mum operation at beam energies of 200 keV and 400 keV. Four 95% pass grids 

were employed at 200 keV to reduce buncher focusing effects. 

The buncher is phase-locked to the 2.5 MHz RF sweeper frequency. 

A frequency multiplier generates the 10 MHz operating frequency. Buncher 

voltage and phase are variable. Since only half of the 100 nsec period 

of the sweeper can be used, a 50 nsec pulse length maximum is established. 

The buncher will form satellite peaks 100 nsec before or after the main 

peaks if the pulse tail extends beyond 100 nsec. The buncher voltage is 

sinusoidal, and since the bunching occurs only if the bunching voltage 

is nearly linear, the entire half-period of the buncher cannot be used. 

For these reasons, a maximum pulse length of 35 nsec was used, thus 

obtaining maximum current and optimum time resolution. Overall system 

resolution was determined by observing the prompt gamna rays. 

In the high energy mode of operation, system resolution as measured 

in this manner was consistently kept below 1.5 nsec FWHM. 

When the swept Duo-Plasmatron beam was bunched for the medium 

energy runs, the observed prompt gatima peak was about 3 nsec FWHM. 

Slow rise and fall times of the Duo-Plasmatron beam sweeper caused the 

pulse to tail into the non-linear region of the buncher, resulting in 

the broader bunched pulse. The peak current in this mode was about six 

times the peak current in the high energy mode. This resulted in a 

higher space charge and caused the beam to blow up slightly, contributing 

to the observed poorer resolution. 
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IIA.4. Bean Transport System 

The D ion beam is focused in the ICT terminal by a magnetic 
lens before being allowed to accelerate to ground through the 
accelerator tube gradient resistors such that there is a crossover 
point at the beam line sweeper located in the machine room. The 
beam then passes through vertical and horizontal steering magnets 
and a focusing quadrapole magnet before passing through a 1.5 meter 
thick concrete wall and into the target pit, where it enters a 
bending magnet at another beam crossover point. The bending magnet 
deflects the beam 26 degrees to the center of the target pit. The 
bending magnet also analyzes the beam, thereby discarding any unwanted 
species such as T>, which would not be in phase with the buncher. 
A horizontal steering magnet then corrects any horizontal displacement 
introduced by the bending magr.at before the beam enters the klystron 
buncher. The defocusing properties are partially overcome by grid-
ding the buncher. After passing the buncher, the ion beam passes two 
more focusing quadrapole magnets before striking the tritium target. 
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II.A.5. Titanium-Tritium Target 
The accelerated D ions strike a composite target of tritium-

tita.iium-tungsten. The target is made by evaporating a 4 gm/cm layer 
of titanium onto . disk of tungsten 0.051 cm thick. The Ti-W disk is then 
heated to 400°C and cooled in a tritium environment. About 4 cc of T is 
absorbed by the Ti layer giving a T/Ti ratio of 1 to 1.5. 

Target cooling was required due to the high D ion flux. Some 
medium energy runs were made with 40 microamperes of 400 keV D ions. 
Water spray cooling of the target was required to dissipate the 16 watts 
of energy deposited in the target by the beam. Cooling was necessary to 
prevent flaking of the titanium from the tungsten backing and to impede 
evolution of the gas from the target into the machine vacuum system. 
High energy runs were made with 40 microamperes of D ion current at 190 keV 
beam energy. Air cooling was used to dissipate the 7.6 watts of energy 
deposited in the target. 
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IIA.6. Source Anisotropy 

H "Die T(d,n) He reaction is isotropic in the center-of-mass frame 
of reference if the energy of the D ion is less than 400 keV. All 
measurements were made under these conditions. Source anisotropies exist 
however, due to the CM-Lab transformation, although these effects are 
small because the reaction Q-value of 17.58 MeV is much larger than the 
energy of the center of mass system. 

The D ion is stopped in the I-Ti layer. For an incident ion 
energy of 190 keV, about 1 D ion in every 10 creates a neutron. The 
other D ions are neutralized and trapped in the target, resulting in 
deuterium contamination of the target. Targets were replaced when con-

3 tamination resulted in a background of D(d,n) He neutrons whose flux 
a strength was 0.1% that of the T(d,n) He neutrons. Since the energy and 

direction of the D ion at the time of the nuclear reaction are uncertain 
7 due to Rutherford scattering before the reaction, the energy and flux 

distribution of the neutron source cannot be calculated directly, even 
though the reaction is known to be isotropic. The energy and shape of 
the elastically scattered peak at each angle allows calculation, using 
the known kinematic rvdations, of the source energy distribution at 
that angle. The energy distribution thus measured is then duplicated 
by calculating, trial and error fashion, the energy distribution for 
various D ion reaction energies. In this manner the average of t}s D ion 
reaction energies is determined. The average reaction energy for 400 keV 
and 190 keV incident D ions was determined to be 200 keV and 14C keV 
respectively. These energies are needed to calculate the flux distribu­
tion of the source. 
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The flux distribution thus determined differs from previous mea-
5 

surenents by Hansen et al. where the detector efficiency was assumed 
constant at all angles. Their measurements, corrected for efficiency 
variation with angle (and therefore energy), agree with the flux calcu­
lated in the manner described above. The probability of the reaction 
occurring at D ion energy E is: 

o(E) 
Reaction probability (E) = - dE/dx 

/ n a x "aE7ax" 
0 

dE/dx, the ion energy loss smoothly varying below 400 keV. The reaction 
probability therefore peaks near the resonance in the T(d,n)4He reaction 
at 100 keV. The average reaction energy is much higher, however, as stated 
in the preceeding paragraph. 

Source neutron energy varied from 14.9 MeV at 20 degrees to 13.4 MeV 
at 155 degrees for the high energy measurements where a 190 keV D + ion bean. 
was used. The flux varied by 10,1% in the same range. When 400 keV D + 

ions were used for the low and medium energy runs, the energy and flux 
varied by 9.9% and 10.1% from 45° to 135°. 

Tables 1 and XI show calculated values of energy and neutron flux 
versus Lab angle for the T(dsn)4He source for 190 keV and 400 keV deuteron 
energy, respectively. 
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Table II Calculated energy and flux variation of source neutrons 
+ at 400 keV D beam energy 

LAB Angle (deg) Energy (MeV) Relative Intensi ty 

0 15.11 1.000 
5.0 15.11 1.000 

10.0 15.10 0.999 
15.0 15.08 0.998 
20.0 15.05 0.996 
25.0 15.02 0.994 
30.0 14.98 0.991 
35.0 14.93 0.988 
40.0 14.87 0.985 
45.0 14.82 0.981 
50.0 14.75 0.976 
55.0 14.68 0.972 
60.0 14.61 0.967 
65-0 14.53 0.962 
70.0 14.45 0.957 
75.0 14.37 0.952 
80.0 14.29 0.946 
85.0 14.21 0.941 
90,0 14.12 0.935 
95.0 14.04 0.930 

100.0 13.96 0.924 
105.0 13.88 0.918 
110.0 13.80 0.914 
llb.O 13.73 0.909 
120.0 13.65 0.904 
125.0 13-59 0„900 
130.0 13.52 0.895 
135.0 13.46 0.891 
140.0 13.41 0.888 
145.0 13.36 0.885 
150.0 13.32 0.882 
155.0 13.28 0.879 
160.0 13.26 0.877 
165.0 13.23 0.876 
170.0 13.21 0.875 
175.0 lo.20 0.874 
180.0 13.20 0.874 
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IIA.7. Line Shape 
The time and energy spreads of the neutron source itself were 

thoroughly investigated. The following sources of energy and time 
spreads have been considered: 

1. Time dependence of the D ion beam. 
2. Energy spread induced by D ion energy loss in the 

Ti-T target. 
3. Neutron scattering in materials near the neutron source. 
4. Ifeutron scattering in air. 
5. Neutron scattering in materials near the detector. 
6. Time spread due to electronics and detector size. 
7. Multiple scattering in the ring. 
The time dependence of the neutron source resulting from 1, above, 

is the major effect. It is approximately gaussian in shape and results 
in an apparent energy spread since energy is determined by time-of-flight. 
The current on the Ti-T target was monitored with a fast sampling oscillo­
scope to insure that the accelerator' and buncher remained tuned to the 
optimum time resolution of 1.5 nseos. 

Item 1 is measured by inspecting the gamma rays from a ring positioned 
at 95° where it encounters the minimum energy spread of the source. Item 2 
is a minimum at ~90° and a maximum at 0° and 180° since the energy spread 
of the D ion energies at reaction time results in an energy spread of 
C-M energies which transform as the cosine. The time spread in Item 6 
is caused mainly by transit time of neutrons through the 5.08 centimeter 
long scintillator and amounts to 1 nsec for 14 MeV neutrons and 3 nsec 
for 1.5 MeV neutrons. This is one reason why 3 nsec time resolution wa.s 

used for the medium energy runs. Most of the mass near the neutron 
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source is represented by the idealized low mass target assembly shown in 
Fig. 2a. 

Line shape was analyzed by calculating the experimentally observed 
line shape. Calculations using Monte Carlo Neutron Transport Code TART, 9 

based on the assembly in Fig. 2a, surrounded by air, were made and are com­
pared with an experiment run without shadow shield in Fig. 2b. The solid 
lines are generated by connecting calculated points two nsec apart. Error 
bars are plotted on every tenth point. Also shown in Fig. 2b is a calcu­
lation which shows that air scattering only attenuates the direct flux 
and has negligible effect on the line shape. The contribution in the 

-4 "tail" is £ 10 of the direct peak. Since source normalization is 
accomplished by measuring the associated alpha counts (a ) per detected 
neutron (I ), the same attenuation is present in neutrons detected during 
a Tin (I); hence I/I at Vi MeV is unaffected by air scattering. Since 
the nitrogen and oxygen total and non-elastic cross sections are not 
rapidly varying between 2 and It MeV, I/I is also essentially unaffected 
by air scattering at other energies. 

The effects of the collimator on the resolution function were 
investigated using the collimator set shown schematically in Fig. 2c. 
This represents most of the mass near the detector. The calculated time 
spread of an isoergic 15-MeV source distributed uniformly across the 
collimator entrance and coaxially with the collimator is shown in Fig. 2d. 
Time spreads due to collimator and target assembly are folded together 
and shown in Fig. 2e. Good agreement with the experimentally observed 
spectrum with the shadow shield removed provides evidence the observed 
line shape is well understood. 
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The data and calculations in Figs. 2b and 2c were taken with the 
detector located in an alternate collimator hole 30° off beam line at 
a distance of 767 cm, but the effects on line shape due to these changes 
is negligible. 
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II.B. King Geometry Experiment 

Ring geometry experimental techniques are well documented, J-"-*12*1 

See appendix A for a detailed discussion of rii^ geometry techniques. 
The present application is the first on a facility which combines both 
high flux and good time resolution. Data of good statistical accuracy 
were taken at a rate of about one angle per hour. Machine and electronics 
fluctuations which degrade the resolution of data were raininrzed by the 
rapid data acquisition. 

The ring transport apparatus allowed precise angular changes and 
blank runs without entering the target pit area. Target position was 
continuously monitored by closed circuit television. Collimation and 
shielding were optimized for each data set. Special safety measures 
were used since some of the targets involved Kilogram quantities of 
fissile material. 

Fig. 3 is a schematic of the experimental layout. The light 
aluminum support structure was supported from the ceiling. The detector 
was located in a line of sight tube drilled into the concrete wall. 
Fig. 2c is a better representation of detector and collimator geometry. 
There were several feet of air space behind the detector to reduce the 
probability of neutrons being back scattered into the detector. 
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II.B.l Ring Transport 

The ring transport rack referred to as a light aluminum support 
structure in Fig. 3 was used to position the ring targets and copper 
shadow shield. The rack was not viewed by the detector. A remotely 
controlled ring suspension carriage and ring removal r^^hanism allowed 
angular changes and blank runs vdthout interrupting machine operation. 
Ring position was checked by closed circuit television. This system 
proved to be precise to within a millimeter. The ring position was 
checked with instruments to insure that the ring axis of syOToetry sswed 
along the beam axis. The ring was positioned so that it was orthogonal 
to the beam axis. Reproducibility of ring location was excellent. 
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II.B.2. Shielding and Collimation 

">s« copper shadow shield (see Fig. 3) effectively stopped the 
scyŷ .e neutrons from entering the detector directly. A low mass tar­
get assembly, light string ring suspension lines, and ability to keep 
all heavy materials at least one meter from the source resulted in a 
"clean" experiment. 

The detector was coliimated as shown in Fig. 2c. Only neutrons 
from the narrow 3.26 degree cone defined by the collinator are seen 
by the detector, The air and shadow shield in this cone scatter' neutrons 
in a consistent fashion, resulting in an "air peak" in the background. 
The high energy blank run data shown in Fig. 4 is dominated by the 
air peak near channel 450. A high energy data run is shown in Fig. 5. 
The air peak is located near channel 450 as it is in the blank run. The 
twin peaks near channel 425 are caused by neutrons elastically scattered 
from the plutonium and elastically scattered from the iron can which 
encases the plutonium ring. The peak near channel 4IS is the result of 
neutron scattering frar. the BUS keV level in i"on. 

The collimator system shown in Fig. 2c was used for both high and 
medium energy runs. When using the system for low energy runs a 
large outscatter-inscatter effect was observed. This effect was due to 
the neutrons in the elastic and air paak scattering from the detector 
into the nearby walls, thermalizing,and returning to the detector resulting 
in abnormally high count rates in the region corresponding to a few hundred 
keV. The experimental arrangement was cfianged for low energy runs. A 30 
cm hole through a concrete wall 1.5 meters thick to the room housing a 
Van de Graaf" accelerator provided a flight path to a detector susperded 
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at a distance 1 meter from all structures. The outscatter-inscatter 
effect î as reduced and cancelled conpletely when the time dependent 
blank was subtracted. 
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II.B.3. Ring Targets 

Optinum ring target design is a compromise of many factors 
including angular resolution, count rate requirements, source flux 
attenuation, and multiple scattering. The high source flux available 
allowed use of relatively thin scattering rings. Most rings had an 
average radius of 11 cm, were 1 cm thick azimuthally, and 2 cm thick 
radially. The heavy rings were less than 1/4 mean free path thick 
to scattered nautrons. This thickness produced a large flux of scattered 
neutrons without excessive multiple scattering. 

Since three of the target materials were alpha emitters ( u, 
235. 239 "1J, and Pu) and quite massive (2-3 kg), special safety measures wore 

239 required in handling them. For example, the Pu ring was encased in 
a stainless steel container to prevent handling equipment from becoming 
contaminated by the alpha-particle emitter. The ring was thermally hot 
to the touch because of the alpha activity. The fissionable targets 
were kept isolated in separate cages to negate the chance of assembling 
a critical mass. Only one ring was out of its cage at a time. Neutron 
activation of the rings was a minor problem. Personnel exposure to 
a recently run ring was minimized to reduce the exposure to gamma acti­
vity induced by the experiment. 
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II.C. Detectors 

Two scintillation detectors were used sequentially in separate 
experiments to cover the entire range of energies from source energy 
to a few keV. The fast timing characteristics of this type detector are 
ideally suited to a time-of-flight experiment. Time resolution was af­
fected only by the detector size in the case of the NE 213 detector. 
High and medium energy runs (15 MeV-1 MeV) were made with a NE 213 
detector using ganraa discrimination. Measurements below 1 MeV were 

g 
made using a Li-glass detector. Each of these detectors is described 
in detail in the following sections. 
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II.C.l. NE 213 Detector 

High and medium energy runs were made using a NE 213 liquid 

scintillation detector 5.08 cm long and 5.08 in diameter. The detector 

was light coupled to a RCA 8575 photomultiplier tube. The detector 

may be identified in Fig. 2c as zone 1. Zones 1 •through 7 make up 

the detector, PM tube, and Pre-amp package and show its location relative 

to the collimator. 

The detector was biased at the 1.28 MeV gamma line of a Na source. 

The observed Compton edge of the 1.28 MeV line corresponds to the maximum 

recoil electron energy of 1.07 MeV. This corresponds to a proton recoil 
14 15 energy of 3.5 MeV. ' Bias on the slew signal (see Sect. II.D.l) was 

set at the half-height of the observed 1.28 gamma Compton edge. Preci­

sion checks indicated that this method insured that the setting was the 

same for all runs. The bias was set or checked at least once daily. 

Medium energy runs were made with a bias "window" to insure that 

the pulse height remained within the range that the pulse shape dis­

crimination electronics could handle, thus insuring good gamma dis­

crimination for both high and medium energy runs. The low side of 

the "window" was set at one-fourth the pulse height of the Compton 
22 

edge of the 511 keV line of Na, corresponding to 600 keV neutron en­

ergy. The bias of the low window was scaled using a precision pulser. 

The high side of the medium ener'gy detector "window" is set at the Compton 

edge of the 1.28 MeV 2 2Na line (3.5 MeV). Neutrons above 3.5 KeV are 

observed, however, since the neutron-proton reaction in the detector 

produces protons of all energies up to the incident neutron energy, some 
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of which are in the medium energy detector "window." 
Detector efficiencies were calculated.16 Multiple scattering from 

carbon in the detector was allowed, but the calculation was terminated 
after the first n-p collision. Multiple n-p scattering affects the 
efficiency of the detector most near bias cutoff. The calculated 
efficiency of the detector may be as much as 15% low near bias art off. 
Multiple scattering in the detector is thus the largest source of syste­
matic error, resulting in final data that may be 15% too high near 
bias cutoff. For this reason, data was taken in three overlapping 
energy regions and data near the bias cut-off was discarded. 
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II.C.2. Li-Glass Scintillation Detector 

Neutrons emitted from the rings with energies below two MeV were 
detected in a Li-glass scintillation detector. Bcperimental geometry 
was altered so as to use a flight path through a 30 cm hole 1.5 meters 
long in the concrete wall separating the target pit from an adjacent 
room housing another accelerator. This change in technique allowed 
suspension of the detector far from any massive object in order that the 
time dependent background due to prompt neutrons outscattering from the 
detector and subsequently inscattering to the detector was minimized. 

The detector used was a Nuclear Biterprises model 912, composed 
of three 0.635 cm thick discs 5.08 cm in diameter. The discs were 
coupled with optical grease to a 0.635 cm thick quartz light pipe and 
mounted atop a 8575 RCA photomultiplier. The quartz light pipe optimized 
pulse height resolution of the detector so that a narrow window could 
be set on the detector signal thereby minimizing -die background due 
to time independent gamma rays. 

An L L L chemist determined the detector composition to be: 
weight % 

Si 35.1 
Li (95% 6Li) 7.6 
0 53.1 
Ce 1.2 
Al 6 Mg 3.0 

g 
The detection mechanism is provided by the exoergic Li(n,a)T 

reaction (Q-value = +t.8 MeV) and subsequent light scintillation from 
the cerium. Although this detector provides high efficiency detection 
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of low energy neutrons, it suffers from calibration difficulties due to 
multiple scattering of neutrons above the 250 keV resonance, inability 
to separate the detected ganma rays, and resonances in silicon and 
oxygen. 

7 
A similar detector was constructed of Li and used to monitor the 

gaama background. Fig. 6 shows the pulse height spectra of the two 
detectors, with a thermal neutron flux incident. The peak near channel 
60 is due to thermal neutrons. This peak use made sharper than the peak 
observed in earlier efforts by inserting a quartz light pipe between the 
c 

Li-glass and the photomultiplier tube. Ganoa background was suppressed 
somewhat by setting a window on the neutron peak in the pulse height 
spectrum, thereby eliminating garana pulses below the level corresponding 
to channel SO. 

The multiple scattering effect was calculated using SORS Monte 
Carlo computational techniques. The \i-glass detector was experi­
mentally calibrated against a low efficiency TJ fission chamber. Results 
of the calibration are shown in Fig. 7. 

The Li-glass detector package is shown in Fig. 8. The boron pad 
is included to shield against unwanted epi-thermal background neutrons. 
This allowed a pulse rate of 10 kHz since the energy overlap from the 
previous cycle contained only neutrons with energies less than 36 eV. 
Most of these neutrons were stopped by the boron pad or formed a time-
independent background. 

file:///i-glass
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IID.l. High and Medium Biergy Electronics 

The LLL time-of-flight group electronics ensemble was used. Several 
modifications were made which improved the time resolution and increased 
the variety of data recorded during each experimental run- Fig. 9 
is a schematic of the electronics system used for high energy data runs. 

A fast preamplifier, attached to the annode of the photo-multiplier 
tube is triggered by a tunnel diode to provide the fast rise time pulse 
used in the timing circuit. The pulse from the pi'eamp is transmitted to 
the control room and through a time pickoff control (TPC) box which 
generates the start pulse. The start pulse starts the ramp in the 
time to pulse height converter (TAC). A stop pulse is generated for each 
beam pulse by amplifying the beam current pulse in a fast amplifier 
and feeding it to a TPC which generates the stop pulse. If uneven 
sweeping occurs, as it did for the high energy data runs, it is important 
that the stop pulse generated by the detected pulse be used to eliminate dou­
ble neutron peaks. This procedure will generate a double prompt gamma peak 
because the gamma peak falls on the previous ramp. If a start pulse has 
started the ramp in the TAC, the stop pulse terminates current buildup 
(the ramp is a capacitor being charged at a constant rate). The TAC then 
generates a pulse whose height is proportional to the charge on the 
capacitor. The TAC pulse is amplified, delayed to wait for the slower 
pulse shape discrimination circuit, and fed to the analog-to-digital 
converter (ADC). The ADC counts cycles ot a 50 mfiz oscillator in 
proportion to the time needed to charge a capacitor to the same level 
as the pulse teight from the TAC. The digital information (channel 
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number) created in this manner is then sent to the FDP-8i which stores 
it in the proper channel of the proper group in external memory if a routing 
pulse is received from the pulse shape discrimination network. 

A charge sensitive pre-amplifier (integrator) amplifies the 
current pulse from the 9th dynode of the photomultiplier tube. This 
signal is transmitted to the control room and split three ways. One 
branch goes through a slow amplifier to the master scaler discriminator, 
which is used to set the detector bias for high energy data runs 
(see Sect. IIC.l). Detector pulses above the bias then trigger a gate 
generator which feeds the coincidence box. Pulses from this branch 
which are in coincidence with pulses from the pulse shape discriminator 
circuit become routing pulses to the PDP-6i. 

A second branch of the signal from the charge sensitive preamp 
is fed through a double delay line amplifier. Pulses from proton 
recoil (neutron induced) have a slower decay time constant than pulses from 
electron recoil (gamma induced). This results in a later zero cross­
over of the doubly delayed pulse. The DDL pulse is fed to a timing zero 
cross over single channel analyzer which creates a stop pulse at 
zero cross-over for pulses in the single channel analyzer window. This 
window is left "open" for high energy runs and the scaler discrinrdnator 
is used to set the detector bias. For medium energy runs, the window 
is set and the scaler discriminator bias is lowered below the lower 
level of the timing zero cross over SCA. In this manner gamma suppression 
wai. enhanced by decreasing the range of acceptable pulse heights from 
the detector. The start pulse from the fast timing circuit is delayed 
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and used to start the ramp in the proton-electron discriminator time 
to pulse height converter (PETAC). PEIAC output is fed to two SCA's; 
one of which is set on the gannia peak, the other on the neutron peak. 
A small overlap is accepted to ensure that all neutrons are counted. As 
a result, a few gammas leak through ana are counted as neutrons, ac­
cept for a snail prompt gamma peak, these gammas form a time independent 
background of less than one count per channel (-1%), 

If pulses from the PETAC which pass the neutron SCA are in . oinci-
dence with pulses frcm the scaler discriminator, a routing pulse is 
generated by the coincidence box and sent to the H)F~8i computer. This 
causes a rount to be stored in the neutron group of computer external 
memory and in the channel of that group corresponding to the binary 
number created by the ADC. A similar procedure takes place for pulses 
passing the gamma SCA. A sample of this type gamma spectrum is shown 
in Fig. 10. 

The third branch of the slow preamp signal was sent to an isolation 
amplifier (so as r >t to perturb the rise time of the P-E signal). The 
amplified signal voas gated by the gamna SCA to a Northern Scientific ADC 
d 4000 channel analyzer where the gannia pulse height spectrum was re­
ded. A sample of such a spectrum from iron is shown in Fig. 11. A 

rr h energy calibration can be made by noting the channel locations 
he prominent Compton edges from the 846 keV and 1.3 KeV gamma rays 
chaw Is 25 and r cu Several scalers are also noted in Fig. 9 as dia-

i inds. The rat^o of start scaler count to live time scaler (L.T.) count 
-ovides a dead time correction. The sum of gamma sealer counts (y) and 

neuav.n scaler counts should roughly equal the number of total gates 
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scaler counts. This is a check on gamma SCA and neutron SCA window over­
lap. The master scaler count is a check of overall system performance 
and should scale as the associated particle count or as the integral 
of charge on the target. 

t* i ""' i " n " ' 
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1ID.2. Low Energy Electronics 

Fig. 12 is a schematic of the low energy electronics. Since 
resolution is not a problem in this enargy region, only the slow signals 
from the Li-glass and Li-glass detectors are used. Stop pulses are gen­
erated by a capacitive beam piekoff unit located in the beam pipe about 
one meter from the target. The slow signals are fed through DDL amplifiers 
to zero cross-over timing single channel analyzers. It is this SCA win­
dow which is set on the neutron peak (see Sect. ITC.2.) These SCA's 
generate start pulses which are fed to the TAC. Due to the long ramp 
times necessary to cover this enei-gy range, an anti-coincidence "busy 
signal" box is set to prevent a change in routing pulse while the IAC 
is charging the ramp. The TAG sets the busy signal. TAC output is 
then amplified and sent to the ADC and PDP-8i multichannel analyzer. 
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II.D.3. Associated Particle Detector Electronics 

A relative neutron source strength determination is made by 
counting neutrons from the bare source (no shadow bap collimator or 
ring). An alpha counter mounted at 174° to the D + beam line counts the 
associated alpha particles in a fixed ratio to the number of neutrons 
produced. Neutrons detected in this manner are at the source energy. 
Therefore only errors in the relative shape of the detector efficiency 
curve introduce errors in the high energy data. The same is almost true 
for the medium energy data but in theory absolute errors in the detector 
efficiency affect low energy data. Jr. fact, even the low energy data 

c 

have correct relative normalization since the Li-glass detector was 
calibrated against a fission chamber detector which was normalized to the 
high energy detector. Relative source normalization is accomplished for 
runs of all energies by observing the source with a NE 213 detector at 
high bias. 

Pulses from a solid state lithium drifted silicon detector are 
amplified, delayed, and input to an ADC. An SCA sets a window on the 
alpha peak (deuterons are also observed). Pulses in the window cause 
the SCA to generate a gate to the ADC. These gates are scaled as 
alpha counts. Gated ADC information is stored in a multi-channel analyzer 
to insure that no drift or other anomaly has occurred, resulting in a 
non-valid alpha count which could lead to improper source normalization. 
The master scaler (see Fig. 9) serves as a rough validity check on the 
alpha count. A schematic of the associated particle counter electronics 
appears in Fig 13. 
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II.E. Data Accumulation 

Data were accumulated for each target in three steps, each corres­

ponding to the energy region of interest. These three steps are des­

cribed in the following paragraphs as high, medium, and low energy 

data accumulation techniques. Raw data were plotted using a computer 

code named KAW enabling rapid and detailed validity checxs. Experiments 

could be repeated before the experimental parameters were changed. 

II.E.I. High Energy Data Accumulation Technique 

Both gamma suppressed and neutron suppressed time-of-arrival 

spectra were recorded. Fig. 14 is the RAW output plot of a typical 

neutron time of arrival spectrum. The spectrum is from the lead ring 

positioned at 95°. The air peak is in channel 455; the elastic peak 

is in channel 437; and the effect of the 2.6 MeV 3~ level is seen in 

channel 388. RAW code breaks the 512 channels into quarters to expand 

detail. Fig. 15 is the fourth quarter of Fig. 14, for example. 

The neutron suppressed gamma time-of-arrival spectrum is recorded 

concurrently. The gamma spectrum is used to time scale and time ini­

tialize the neutron spectrum. Fig. 16 is the raw output of the gamma 

tJme-of-arrival spectrum corresponding to Fig. 14. The twin gamma peaks 

in channels 267 and 273 are a result of unequal sweeping and the fact 

that the gamma starve pulse is stopped by the current pick up from the 

previous deuteron pulse (see Sec. II.D.l.) Neutrons in the air peak 

(channel 455) of high energy runs have flight times equivalent to the 

direct fjight of 14.7 MeV neutrons, or 155 nanoseconds. Prompt gamr.«as 

arrive in 30 nanoseconds. Since the ganma peak is from the next pulse, 
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RAW CODE OUTPUT 

LEAD - 95 DEG. 

" • f • 

5 

A A 
f*f —ir —4 1 

' \ 1 1—A- —f ? n J - i - i .. i. / J / \fj 
/ 

A 
/ V ,.A i" 

£•0} _-l M~ V -H , : , i ML VH 
? _ _ ! -v • # ™ f— \ 

• ./u 7 > ] L _ 
i i_. F~ 

, i, , I 1 f llll 1 
w a < u %» iX> h i CT> * ( <\J 

CHAMfCL 

TOF SPECTRUM(EXPANDED SCALE) 

FIG. 15 



57 

RflU CODE OUTPUT 

CHANNEL 

GflMMR TIME-OF-RRRIVRL SPECTRUM fPB-95 DEG.) 

FIG. 16 



58 

its arrival time is 230 nanoseconds. The "true" gamma peak location 

is channel. 270. A quick time scaling in Fig. It, assuming linear and 

flat electronics, (not assumed in actual data reduction) is 0.4 nano­

seconds per channel. Since the gamma peak is less than four channels 

FWHM, the time resolution is about 1.5 nanoseconds. 

Periodic blank spectra are recorded by remotely removing the ring 

target. The blank spectrum is later subtracted from the data spectrum. 

Fig. 17 is a RAW plot of a typical blank spectrum. It is dominated 

by the air peak in channel 455. Fig. 18 is the gamma time-of-arrival 

spectrum corresponding to Fig. 17. The weak peaks in channels 160, 180, 

and 220 can be ascribed to (n,y) reactions from massive parts of the 

beam line and its support structure. The peak in channel 450 is due to 

(n,y) reactions in the detector and collimator. Periodic source strength 

calibration runs are made by recording the direct flux of neutrons versus 

the number of alpha counts with the shadow shield (see Fig. 2) removed. 

Fig. 19 is a RAW plot of such a spectrum. Fig. 20 is the concomitant 

neutron suppressed gamma time-of-arrival spectrum. The gamma peak in 

channel 455 is caused by neutrons producing gamma rays in the detector 

and its assembly by non-relastically scattering from carbon and aluminum. 

The linearity and slope of the system time response are periodically 

checked by generating start pulses with a gamma source and detector lo­

cated outside the target pit. The stop pulses continue to be generated 

by the deuteron current pickup. A linear system should generate a 

horizontal line. Fig. 21 is the response typically observed. This "ran­

dom" spectrum is later used in computerized data reduction as an accurate 

means of time scaling (see Sect. Ill.A.2). 
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II.E.2. Medium Energy Data Accumulation 

Data in the energy range between source energy and 600 keV are ac­

cumulated in similar fashion to the high energy data. Fig. 22 is a plot 

of medium energy data. The neutron pulse rate is reduced to 833.3 kHz 

so that the bias cutoff at 600 keV (766 nanoseconds) can be observed. 

Since only one pulse is produced each 1200 nanoseconds, the bias is high 

enough to prevent the observation of overlap neutrons. Time resolution 

is 3 nanoseconds. Since only the data below 5 MeV are used, energy reso­

lution is better than 2.2 percent. 

Approximately 4i of the gammas are permitted to leak through the 

gamma suppression electronics to insure that all the neutrons are counted. 

The peak in channel 394 of Fig. 22 is the prompt gamma peak; the air peak 

is in channel 323. A rough time scaling of the spectrum in Fig. 22 is 

1.75 nanoseconds per channel. The elastic peak of scattered neutrons is 

in channel 312, neutrons scattered from the 4.43 MeV level of carbon 

appear in channel 289, and neutrons from the b.6 MeV level are near 

channel 211. Neutrons scattered from the continuum are clearly in evidence 

between channels 50 and 240. Spectra similar to that in Fig. 22 were 

taken Tor each ring positioned at 45, 95, and 135 degrees. 

Gamma time-of-arrival spectra, blank spectra, and random spectra 

were also taken. Source calibration for these spectra was accomplished 

with the detector biased at the Compton edge of the 511 keV line of 
2 2Na (1.6 MeV). 

The medium energy data overlap the energy range of high energy 

data (above 3.5 MeV) and low energy data (below 2 MeV). This overlap 
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I 

permits the used of the most accurate data available, considering syste­
matic errors which may be present (see Sect. II2.C). The technique 
also serves as a rough consistency check on the normalization of all 
three data taking modes. 
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II.E.3. Low Energy Data Accumulation 

The low energy data taking technique differed greatly from that 

of high and medium energy. The accelerator was operated in such a manner 

a* to produce 10 kHz pulses of neutrons (see Sec. II.A.). Only 95° 

scattering was observed. Both 100 and S00 nanosecond pulses were 

used, corresponding to 16.6% and 83.1% energy resolution at 250 keV. 

A typical low energy spectrum is shown in Fig. 23. The prompt 

gamma peak and elastic neutron peak appear near channel 340. The broad 

peak starting near channel 310 is the effect of the Li-glass detector 

resonance (see Fig. 7). 

Pulse shape discrimination of gammas is not possible with the 

detector used, so that a considerable gamma background is present in the 

spectrum. A blank run is a close check on the magnitude and shape of 

the background. The blank run spectrum is subtracted from the fore­

ground spectrum. 

Since the prompt gamma peak and the elastic neutron peak are so 

closely spaced, a precision time delay unit is used to displace the 

spectrum known units of time, allowing time calibration of the data. 



17 
62 '9 IJ 

009 
T — | — i — i — i — i — | — i — I — r * - r 

N3 HOT — 930 S6 — 9£2-n •» 
(fSQMfln 13MM3 

OOC 
1 1—1 1 1 1—"I 1 p 0S2 

.01 

^ -

J L__J • i i I i i I I I I I I I I I 1 I I J I L. 

,01 

iQt 

- B 0I 

osz 002 
(OMW T3MWH3 

OS! 001 
i T i — i — i — i — i — i — i — i — i — i — i — i — i — i — i i « i" 

OS _ 0 m 

- | — I — I — I — I — I n O l 

f i^^ i%^%V^^^ 
3 

,01 

•s , 01 

i i i i i—i—I—i—i—i—i—L ' i l l ' I 1 L_l l—i L J 
S0I 



69 

II.E.4. Typical Raw Data 

Additional plots of raw data are presented as Figs. 21 thru 29 
as examples of data quality as the scattering angle and scattering ma­
terial are changed. The two peaks near channels 290 and 300 in Fig. 24 
are leak thru gammas. Gamma suppression was almost perfect in the 
spectra presented as Figc. 25 thru 29. Each of the spectra is dominated 
by the air peak on the Ijigh channel side of the spectrum. At forward 
angles, the elastic peak merges with the air peak. Various detail 
characteristics of the isotope are observed at lower channel numbers 
(lower energy, later times). 

The solid line in Figures 24 and 29 is generated by connecting a 
data point for each channel. Representative error bars are plottec' each 
ten channels. Individual data points are plotted in Figures 25 thru 28. 
The horizontal tic mark represents the magnitude,and the length of the 
vertical line represents the error (standard deviation). 
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III. Data Reduction 

The entire data reduction process is computerized. Three 

purposes are served. Time consumed in handling volumes of data is not 

linear. The utility of a proven experimental technique is thereby 

expanded, facilitating an increase in the amount of data taken and 

analyzed. Coding the data reduction process on a computer also serves 

as a clear, concise, and cc-rplete record of what was done to the data. 

This record serves any future re-examination of the dat , even if done 

by others in the absence of the original experimenter. The third pur­

pose served is that data are reduced without any conscious or subconscious 

bias by the experimenter. 

Extensive use was made of computer generated graphic displays. 

This technique made possible a complete picture of results at each 

step of the data process. Systematic trends and isolated errors were 

quickly spotted and corrected. Ideas were quickly coded, displayed and 

discarded or kept, depending on their actual value and validity. 

In this manner the computer becomes a familiar tool, easily shaped 

and molded to fit the needs of the experimenter. Since the coded data 

reduction process deserves a lengthy treatise in its own right, only 

the functions of the process a^e described here. The codes make full 

use of the LRLTRAN language and are not easily converted to use on com­

puter's outside LLL. 

Four codes were written by the author to facilitate preparation of 

this thesis. FAW code is used in preliminary data reduction. RING code 

extracts cross sections from the data. CORING code corrects the data for 

multiple scattering based on input from a Monte Carlo code and prepares 

the final data plots on an off-line plotter. CCP3D code plots the data 

in three dimensional representation. 
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IIIA.l. Preliminary Data Reduction 

The data accumulated in memory of the multi-channel analyzer 
was output to magnetic tape via the H)P-8i computer. Backup data 
was output via a Franklin printer to printed fanfold paper tape. The 
magnetic tape was read into a CDC 6600 computer which transferred 
the data to cards used as input to further data analysis and reduction. 
The utility code RAW was used for this step. RAW also plotted the 
data. The plots were generated on 35 mm film using a cathode ray 
tube and printed via a Xerox process. See Fig, 14 for a sample of RAW 
output. A hard copy data listing including a running sum was also generated 
by RAW. 
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IIIA.2. Data Reduction Using RING Code 

The RAW output facilitated generation of input to the one step 

data reduction code RING, written especially for ring geometry time-

of-flight data reduction. The RING code is quite general in many aspects, 

and the powerful features of the code have been put to use in reducing 

other types of data. 

RING code processes the data, each set (each angle) to completion, 

in serial fashion,thereby using only a small part of the CDC 6600 core mem­

ory, facilitating RING code use in a time sharing environment such as that 

at LLL. A data set consists of the neutron time-of-flight spectrum, 

a suitable blank spectrum, and a random spectrum (see Figs. 14, 17 , 

and 21 ). If the blank spectrum has features in common with the data 

spectrum, such as the air peak which appears in all ring geometry data 

and blank data, RIN3 code shifts the blank spectrum relative to the 

dats in such a manner as to find the null point of the common feature. 

This is done by inputting the channel limits of the common feature, and 

summing the squares of the uifference, channel by channel between those 

limits for each of three background shifts. The three by three matrix 

is solved for the null point. If no minimum is found or if the calcu­

lated null point is outside prescribed limits, a search is started to 

find three sets of values which have the prescribed minimum. When the 

set is found, successively finer shifts are made about the apparent null 

point to zero in on the correct background shift for the data run 

being analyzed. The shift is used when subtracting the properly normalized 

background from the data. In this manner, experimentally determined time 

dependent backg rounds are properly subtracted without undue labor by the 
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experimenter, in unbiased computer fashion. Fig. 30 shows a detailed 

view of the region (between the x's) used to find the null in the back­

ground shift. Fig. 31 is the entire raw data spectrum after the time 

dependent background was subtracted. Note the value of XL, the back 

ground shift-

Further data reduction involves transforming data from counts 

per channel to counts, neutrons, or cross section per unit time, energy, 

or other basis. In every case, the basis step is calculated as a time 

step which is derived from the data by incrementing through the random 

spectrao (See Sect. HE.4. for'an exp'.anation of the random spectrum.) 

The random spectra provide a means of removing any non-linearities 

from the daita, since they are generated in such a way as to contain the 

same non-linearities. Two points of known time or energy are chosen 

in the data spectrum or its concomitant gamma spectrum. For the high 

and medium energy data these points are the prompt gamma peak channel and 

the air peak channel. The RAW output provides an easy means for making 

these selections. For the low energy data the prompt gamma peak is used 

and a second point determined by observing spectral shifts obtained by 

increasing the precision delay of the stop pulse by known amounts. RING 

calculates the time between these points and sums the random spectrum 

over the same region. This provides a random increment per time increment. 

The relationship between a known starting time and its channel location 

is established by calculating the time difference between the st?rrting 

lime and the gamma peak location. The calculated number of random 

increments corresponding to the number of time increments are summed 
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in the random spectra until the channel location is found. Further 

incrementation is done from this point forward in time. Counts are 

summed in each increment and an error computed. The code determines 

the degree to which errors in the interval are correlated and correctly 

sums errors either in quadrature or in ratio. Each channel was assigned 

an error when the subtraction of the background was made. The formu­

lation of this error calculation provides a hint of the 

flexibility built into the ring code. 

o i-ERR i = (Gi x CNORM + (Y+BBACK) x BNORM + (2 x CBACK x CNORM) )* 

where C. is the number of counts in raw data channel i and Y is the 
l 

number of counts in the corresponding combination of channel fractions in 

the shifted background. Both the data and the background can be normalized 

to offset the different source neutron fluxes and dead time corrections. 

Each of the spectra can have a time independent component subtracted in 

the first stage of data reduction (BBACK and CBACK). 'when these factors 

are considered, the errors computed are based only on counting statistics. 

The first spectrum reduced is the time spectrum, as shown in Fig. 32. The 

curve is generated by connecting points generated two nanosecond steps. The 

diamonds plotted correspond to boundaries, between which the cross section 

is later summed. Many options on inputting these boundaries exist. The 

ones shown correspond to one MeV steps in residual nucleus excitation 

except for the one at 450 nanoseconds, which represents a 0.5 MeV step from 

the previous point of 12.S MeV excitation plotted near 390 nanoseconds. 

At this point the data are corrected for detector efficiency, flux asymmetry, 

and solid angle. Since the T(d,n) He reaction is isotropic in the center 
7 of mass below 400 keV incident deuteron energy, the average reaction energy 

was determined by examination of the data and this value used to calculate 
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the flux asynmetry. The solid angle correction makes the appropriate 
olianges in data magnitude to account for the fact source-ring and ring-
detector distances vary with angle. Each data set was normalized to a 
ninety degree ring position, using the factor 

R 2 R 2 

W + # 
where R is the source-ring distance, R is the ring-detector distance, 
R is the ring radius and R is the source-detector distance. The time-

of -arrival of each energy was calculated from the source-ring flight time 
plus the ring-detector flight time. The source energy also varied with 
angle as did the flux. Using an observed average reaction energy of 
m o keV for 190 keV incident deuteron energy, the following kinematic 
relations were used to determine the source energy and flux at each 
angle. 

9 1/9 9 
E(*> = (E1+Q) B[cos W + (D/B - sin HO ] 

F(i|0 = E(<f»KE1+Q)/(AC)1/2 (D/B - sin 2«0 1 / 2 

where E(^) and F(t(0 are the neutron energy and flux ratio 

Q = 17.58, the Q value of the neutron source reaction, E 1 is the incident 
deuteron energy, and 

A = ^ %/(F 1 +Q) 

A 
4 

C = i-(l+ii) 
>h 

D z UC 
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Figure 33 is a plot generated by RING code displaying low energy data 
versus scattering energy. The solid curve is generated by connecting 
points in 10 keV steps. The dianonds indicate the input energy steps for 
which the cross section was calculated. Fig. 34 is a similar spectrum 
displaying medium energy data versus scattering energy. The curve is 
generated by connecting points each 100 keV, the diamonds were a code 
input based on residual nucleus excitation energy. The cross section 
was summed between diamonds. Fig. 35 is a composite plot, generated 
by RING code, in which synthesis of low, medium, and high energy data 
is accomplished. The data below one MeV are that from Fig. 33; the data 
between 1 and 5 MeV are that from Fig. 34; and the data above 5 M e V are 
from a high energy data run. A figure such as Fig. 35 was generated 
for each angle and each material for which high, medium, and low energy 
data were taken. The curve is generated by connecting points each 100 
keV. 

The data in Fig. 36 are medium energy data plotted versus Q value, 
where Q-value is the negative of the apparent residual nuclear excitation. 
Such a definition loses meaning for observed fission neutrons, but the 
plot remains a valuable tool for quick theoretical analysis. The data 
in Fig. 36 are the same as that in Fig. 34. Fig. 37 is the same data on 
a semi-log plot after division by the center of mass energy of the out-
going neutron. Such a plot is an aid in interpreting compound phenomena, 
since it represents the level density of the residual nucleus. RING code 
also calculates cross sections and plots the angular distribution versus 
angle or cosine in both lab and center-of-mass for quick comparison with 
existing data. The angular distributions in Figs. 38 and 40 are two 
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examples of RING generated cross section data. The data in Fig. 38 are 
the cross sections observed between calculated Q-values of plus and minus 
O.S ffeV. This is essentially the observed elastic scattering. Fig. 39 
is a table of the cross sections plotted in Fig. 38 and similar plots 
vs angle in both lab and CM. Fig. 40 is a plot of the cross section 
observed at a higher residual nuclear excitation. The angular errors 
quoted represent the total angle subtended by the target and take into 
account the finite size of the neutron source and the detector. They 
are therefore the upper limits of reasonable angular error. 
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RING CflOE GENERATED OUTPUT 
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URfiNIUM-238 REACTIO Q-VALUE SUM BETWEEN 0.50 AND -0.50 HEV 
(ELASTIC) 

FIG. 38 
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RING CODE GENERATED OUTPUT 

REACTION Q-VALUE SUM BETWEEN .5 AND -.5 MEV 

UKMLA8) UKLt(CH) ERR CROSS SECTION ERROR 

2.578E»01 
3.078E+01 
5.577E*flt 
4.077E+01 
4.577E+01 
5,077£*0> 
5.576E+0I 
6.0?6E*0t 
6.576E+01 
7.076E+0J 
7.57«E*0I 
8.076E+0I 
8.576E*0f 
9.576E+0J 

058E+02 
I58E+02 
257E+02 
357E+02 
457E+02 

2.588C*01 
3.090E+01 
3.591E*01 
4.092E+01 
4.594E+01 
5.095E+OI 
5.596E+0I 
6-097E+01 
6.598E+0I 
7.09H+01 
7.599E+01 
8.J99E+0I 
8.599E+0J 
9.599E*0! 

060E+02 
. T60E+02 
.259E+02 
,3S9E*fl2 

712E*00 
I62E+00 
577E+00 
939E+00 
238E+00 

4.4d3E*00 
605C+09 
,«OE»OO 

4.622E+00 
490E+00 
,2WE»00 

3.564E+00 
076C+00 
77BE+C0 
134E*00 

4.I18£>00 

I.459E+02 ,mzm 
MX*M 

1.ZS1MZ 
2.755E+C2 
3.256E+02 
2.449E+02 
1.138E+02 
4.W9E+0I 
4.639E+0I 
5.5WM1 
5.950E+01 
3.73lE*0t 
2.2I9C+01 
1.H6M1 
t.063£«0t 
1.5WMI 
1.252E+01 
6.644E+00 
7.77IE+00 
5.298E+06 
3.952E+00 

I.26IE+02 
775E»02 
278E+02 
464E+02 
145E+02 
9t5£*01 

4.661E+0! 
5.609E+91 
970E+01 
74IE+05 
224E+0I 
112E+01 
I63E«01 
595E+0I 
249E+0I 
620E+00 

7.73JE+O0 
266E+00 
925E+00 

6.300E+00 
6.596E+00 
4.736E+00 
4.SI2E+00 
2.591E+00 
2.442E+0C 
1.664E+00 
1.877E+00 
1.368E+C0 
I.577E+00 
8.3J9E-0I 
9.07BE-01 
6.l82t-fl1 
6.102E-0I 
5.546E-0I 
5.502E-01 
6.372E-0J 
7.577E-0t 
1.072E+00 

FIG. 39 
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RING CODE GENERATED OUTPUT 

E*ti 
1 

9 

2 

I 

I T 
-+- + +* t*= 

^ 

* i _ | ^ 

E EMI 
i H ,*-F| ̂

 N- U- > • . * 
- * - • if- •""T™ 

a * m ~ 
* ! 
£ i 

i 

2 

f H 1 W% i T ~~1 1~~ 
DEGREES (CM) 

URflNIUM-238 REACTIO 0-VALUE SUM BETWEEN -7.50 AND -8.50 HEV 

F IG. 10 
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III.B. Data Adjustment 

The data were corrected for effects due to impurities, multiple 
scattering and absorption; the corrections were made in one step using 
SORS-MSC, a Monte Carlo neutron transport code. 2 0 The SCRS code 1 7 was 

20 
extensively modified by David Cummings for the purpose of making multi­
ple scattering corrections. His modifications enabled the code to force 
collisions ar J calculate the scattering probability to ten detector 
positions at once. The multiple scattering theory employed was that of 

21 22 23 
Parker ' and Amster. 

This was the first application of the SORS-MSC code. The code was 
further modified,enabling it to calculate unattenuated first scatter 
probability from each isotope to each energy and angular group. This 
quantity, when divided by the total scatter to that energy and angle 
from all collisions from all isotopes, was used as a multiplication 
correction to each data point. Since each isotope has approximately 
300 data points at each of 20 angles, the process was programmed on 
the computer. 

• (E i,9 n,I) = ( E > Q • *(E i 5e k) i = 1,300 III(l) 
corrected 1 k measured k = 1,20 

where <j>(E,6,I) is the corrected data point, <ME,8,I) is the calculated 
corrected L 

unattenuated first scatter probability, '(in essence the input cross section), 
<j>. is the calculated total scattering probability, and i> x J ^measured 



96 

is the measured value. Binary disc files were generated by RING and 
SORS-MSC. The operation indicated in III(l) above was performed by a 
small code written especially for that purpose. The corrected data 
were displayed on C R T plots. The measured data and the calcu­
lated first scatter probabilities are also displayed. The corrected data 
are then input as the new cross sections; when the corrected data points 
and the first scatter probabilities converge, the correction is complete. 

The following is a non-rigorous analysis of the multiple scattering 
correction. It allows a qualitative argument as to the important experi­
mental considerations. The argument is confined to the isotropic scattering 
region of heavy nuclei. The analysis is further s&wiiified by considering 
only elastic, inelastic, and total cross sections, v and v. are used to 

ne t 
label the neutron multiplication factors, i.e. 

— _ n,n n,2n n,3n f 
ne 

* a t 

The number' of neutrons of energy E., if only first and second scatters 
are considered, is then: 
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-M t va (E .E.) 
V E i > * N o ( E o ) ( 1 - « P > C v^ t(g Q) 

ll-(l-exp ) 5-xrn J exp^ 

+ 
q e l ( E o )

 1 _ m - y o t ' w n e { £ o - 6 ' E i ) "*£*" 

^ n e ( E 0 , E > 6 ) -„.t" a e l(E^6) -yt» 
v t a t

( E o ) V t ( V j ) e* P 

+ " ^ V * o^n'"'*") V°ne ( E' > Ei ) " Wi t" i 
V t ( E o ) " ^ V t — 

-w t 
where N (E )(l-exp ° °) is the expectation value for the number of 
first collisions. The first term in the brackets is the probability 
that the neutron scatters to energy E. in the first collision, with 
the possibility of removal by a second scatter shown explicitly. The 
second term is the probability that the neutron loses energy 6 in an 
elastic first collision and then scatters to E.. The third term is 
probability of inelastic scatter to E. • 5, thp-.i elastic scatter to E.. 
The fourth term is the probability of two inelastic scatter events resulting 
in a detected neutron of energy E-. 



98 

Assume t' * t", i.e. that the collision - detector path lengths 
are similar after both the first and second scatter events. 

Assume vo = M 1 = u' , i.e. that the total cross section is 
constant. 

Assume o(E o - 6,£<) = (E^E^), i.e. that so Tittle energy is 
lost in the elastic scatter event that the cross section for inelastic 
scatter to E. is unchanged. The ratio of detected events to first scatter 
events is then 

N dC E i) 
-ut W . <E .E.) 

No(E0)(l-exp ° °) -&&£-
t t o 

1 + n "*'tS r ^ l ( E i ) 0 i n ( E i )
 + °el(£o) qel(Ei> 1 + Q-exp ) [ „ - ^ ^ - ^ T + _ _ _ - ^ 

o t i 

va„««:„,£') vb_(E',E,) _ -y,t» 
n e ° n e x ] exp "*" 

^ n e ^ o ' V ^a tCE') 

The elastic and nonelastic cross sections are divided evenly at most 
energies, therefore the right hand portion of the equation becomes 
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ne 0 1 
-n't' '"i*" 1-v' v °ne ( Eo' E , ) 

. 1 + <l-exp » * >exp * t i j r ^ ^ s n 1 

ne o 1 

Cross sections are to be obtained by dividi^ data by the expression 
on the right. It is evident that if y't1 « 1, no correction is necessary. 
This is achieved by making the target thin. Unfortunately a similiar 
expression governs the probability of first scatter events. Targets 
must be moderately thick, therefore,or the counting statistics are poor. 
The expression in brackets should be examined more closely. \>' is 2.4 

235 
for U and the first terai is negative. It is observed that the correc­
tion is small so long as / a (E .E')/a (E „,E.) is snail. The inte-

^ _, ne o ne o 1 
gration is explicitly noted for the first time. Observe that the ex­
pression is ~ 1 if only fission is considered. If the other non-elastic 
processes are considered alone, the expression is « 1. If E. « E , 
the expression becomes large. 

Target thickness was 1/4 mean-free-paths or less. Since this 
is the yt in the above equations, it is eacy to see that the upper limit 
of multiple scattering effects can be set at about 20% based on this 
analysis. The more exact Mante Carlo emulations showed that the effect 
was much less than 20% over most of the energy range. In some cases, 
notably for elastic scattering and for neutrons scattered from the 
fissionable isotopes with energy below 100 keV, the correction exceeded 
20%. But in those special cases, yt was greater than 1/4. 
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I I I . C . Dcperiraental Uncertainties 

fix. dsittt a-"? presented in Sect. V with the s ta t i s t ica l e r r o r plotted 

(£€• ac>*ris?.: paLnts. Data whicl,- has been corrected for multiple sca t ­

tering =tnd AUK attenuation have been plotted with the combined e r r o r s 

c-f esiep&ri&ent&i counting s t a t i s t i c s and the computed standard deviat ion 

of the Hj%,'i:e Carlo methods used in computing correc t ions . The experi­

mental s t d t i s t i a l e r ror is taken as the square root of the number of 

courses in thte in terval indicated, The standard deviation of the Monte 

Carlo calctrldiicr. i s computed by making five sample ca lcu la t ions . The 

evror i K :hen taken as :/--

Error- ; i_= i 

i n - 1 
where x. is the i ' sample value of the calculated correction, x is the 
average value of the five samples and n is the number of samples. 

Statistical errors have been kept small in most cases, since counting 
statistics are gcoa. In almost all cases, counting statistics are less 
than 10%. This error can be readily improved by making bin sizes 
larger. !-5ost of the data in Sect. V are displayed in 100 keV steps. 

Systematic uncertainties dominate. The primary systematic error 
is the uncertainty in the detector efficiency. These uncertainties 
are discussed in the sections describing the detectars. 

There is a known systematic uncertainty(see Sect. II.A.8) resulting 
from finite experimental time arid energy resolution; the resulting un­
certainty in quoted energy of the eriiitted neutr.-n causes resolvable energy-
levels to have an unnatural width which is characteristic of the energy 
r-esolution ax that energy. 

There is a systematic error in the source nertron energy caused by 
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the known energy anisotropy of the neutron source (see Tables I and 
II in Section 2I.A.6). Because of energy anisotropy, source energy 
is slightly different at each angle of a Measured angular distribution. 
This error is believed to be small since the source energy varies only 
about one MeV over the range of the measurements and the source energy 
is higher than any expected resonance structure in the cross section. 
Therefore, the differential cross section is expected to be slowly varying. 
Errors from this uncertainty are small, probably less than 10%. 

Data uncertainties also exist due to the limited number of measure­
ments below 5 MeV. Scattered neutrons with energy between one and 
five MeV were measured only at <*5°, 95°, and 135° angles. Scattered 
neutrons below one MeV were measured only at 95°. These data were composited 
with the finer angular resolution data measuranents above S MeV. Errors 
result due to possibly non-isotropic scattering and the variations in 
the incident neutron energy. Discontinuities may be noted in the data 
at one and five MeV. The magnitudes of these discontinuities reflect 
both the uncertainties mentioned in this paragraph and uncertainties in 
detector efficiency. 
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IV. Data Presentation 

The data are presented without comparison to other experimental 
data. With the exception of differential elastic scattering data, few 
direct comparisons are possible due to the lack of other data, or the 
superior energy resolution and extended energy range of observation 

24 
attained in the present work. Only the work of Anufrienko et al. 

approaches the present work in scope, but his time resolution was 7 nsec 
compared with 1.5 nsec in this work; his flight path was 2 meters com­
pared with 8.3 meters; he did not suppress gamma background; his scattering 
samples were larger; and he did not correct for multiple scattering. 
There are measurements made in point scatterer geometry with resolution 
almost equal that in this work, but the energy range of the observed 

25 
neutrons is limited and experimental running times of 100 hours per point 
limit the scope of such work. 

All elastic angular distributions were extracted fran the data and 
26 

compared with the opt ica l model calcula t ions of Agee e t a l . Many of 
the e l a s t i c d i s t r ibu t ions were compared t o data of Coon e t a l . and 

27 Anderson e t a l . In a l l cases , agreement was acceptable. 

Mention i s made of checks against other da ta , where suff ic ient ly 

de ta i led information i s ava i lab le , in the discussion of each isotope. 

There a re gamma pulse height: data available for most of the isotopes. A 

sample spectrurr> for this type of data is shown as Fig. 11. See Sect. II. C. 1 

for d e t a i l s . The gamma pulse height data were only part ia l ly analyzed, and 
28 the bulk of the data a r e not included here . Paul Robinson is analyzing 

the niobium gamma pulse height data in conjunction with work ha i s doing 

for his doctoral t h e s i s . The plot ted data a r e available as output from 

RAW code (see Sect. I I I .A . l ) and on IBM cards . 
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IV.A. Carbon 

Carbon data were taken as a first step experiment. The purpose 

of the carbon data was to prove the experimental technique and to pro­

vide a data set to use in debugging the RING code, which was later used 

to reduce all data taken. Fig. m presents the carbon data in a three 

dimensional oblique projection. Although spectra were taken at only 

six angles, it is relatively easy to surmise the success of the experi­

ment in measuring the angular distribution of both the elastic peak and 

4.43 "feV level. The absence of serious background problems i s made 

evident by the regions of zero measured cross section between the ex­

pected peaks. The carbon data were taken at 3 nanoseconds full-width-

half-maximum time resolution. Later data were taken at 1.5 nanoseconds 

resolution. 

The measured elastic angular distribution of carbon was in excellent 
29 30 

agreement with the measurements of Nakada et al . and Bouchaz et al.' 
The measured angular distribution of the 4.43 MeV level in carbon was 

31 in excellent agreement with the measurements of Anderson et al. and 
30 Bouchez et al. 

The excellent agreesaent of the carbon data with good data in existence 
provided a measure of confidence in both the experimental method and in 
the RING data reduction code. 



CARBON 

14 MEV NEUTRON SCATTERING FROM 

RING GEOMETRY 

GROUND STATE 4.4 MEV LEVc. 

Q-VALUE • 

9.6 MEV LEVEL 

O 

FIG.41 
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IV.B. Aluminum 

Aluminum data v;ere taken primarily as a demonstration of experimental 
resolution. The data are the best of their type available however, so that 
the entire data set is presented. 

The elastic cross section was extracted from the data set and is 
presented as Fig. 42. The multiple scattering correction was made and 
both raw data and corrected data are presented. 

Figs. 43 thru 46 contain the entire data set. The solid curve con­
nects points generated each 100 keV. Since the multiple scattering 
correction proved insignificant for inelastically scattered neutrons, 
only the raw data are presented. Each curve is a combination of high and 
medium energy data. The measured elastic angular distribution was 
favorably compared to the measurement of Coon et al. A crude comparison 

32 of the inelastic spectra was made with the work of Voignier et al. 
Figs. 47, 48, and 49 are plots of ihe experimental angular distri­

butions for low lying levels and groups of levels in aluminum below 3.50 
MeV excitation. Vertical error bars are statistical and horizontal error 
bars depict the upper limit of angular uncertainty. 
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IV.C. Iron 

The natural iron data tjresented in Figs- 50 through 54. are inhomoge-
neouc in that machine resolution changed somewhat between angles due to 
the fact that the data were taken over a period of weeks and experimental 
technique improved somewhat in the interim. A comparison of 125° data 
(Fig. 54) with the 75° data (Fig. 53) shows an improvement in time 
resolution from 3 nsec FWHM to 1.5 nsec FWHM. The separation of the 846 
keV level from the ground state was excellent at 1.5 nsec FWHM. 

Fig. 50 show.} the iron elastic distribution. Figs. 51-54 show the 
completed data set for iron. Each curve is a composite of high, medium, 
and low energy data, and is generated by connecting points each 100 keV. 

Ihe iron elastic angular distribution was favorably compared with 
the data of Coon et al. Partial comparison of the inelastic data can 
be made with the measurements of Sal'nikov et ax. and Graves et al. 3 4 
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IV.D. Nickel 

The emission spectrum from natural nickel with 14-MeV neutrons 
incident was measured to check the behavior of the 2 level. The 
elastic angular distribution is shown in Fig. 55, and the entire set 
of measured emission spectra is shown in Figs. 56 through 58. 
Multiple scattering corrections, although insignificant, are shown. 
Tht data are also shown in a three dimensional oblique projection 
its Fig. 59. The curves if. Figs. 56-59 connect points each 100 keV. 
The 2 level, which is a combination of scattering from the l.t5 MeV 
level in S 8Ni (67.9%) and the 1.33 MeV level in S t^i(26.2%), is clearly 
resolved. 

Only high energy specrtra were taken. The data are displayed again 
in Figs. 60 through 62 without the multiple scattering correction and 
with a 0.25 MeV bin size m improve statistics. The smoother curves 
of Figures 60 through 62 are generated by connecting points each 0.25 
MeV. The experimental angular distribution of inelastic scattering 
from the first 2 levels in nickel is shown as Fig. 63. The measured 
elastic angular distribution compares favorably with thj measurement 
of Bauer et al. and Clarke et al. 
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IV.E. Niobium 

The probable use of niobium as the containment vessel for controlled 
37 ̂ 8 thermonuclear reactors ' has generated the need for measurements of 

14 MeV neutrons scat ter ing by natural niobium. The data presented in 

Figs. 64 through 70 f i l l t ha t need. 

A three dimensional oblique projection of the observed energy d i s ­

t r ibu t ions a t a l l angles for which data were taken is presented as Fig. 64. 

Eata were summed and plotted in 100 keV bins . There a r e no c lea r ly r e -
93 solved levels because njNb i s an odd-even nucleus, but a considerable 

direct scattering cross section is observed. 
The elastic angular distribution is extracted, corrected for flux 

attenuation and multiple scattering, and presented as Fig. 6S, and the 
entire data set is presented as Figs. 66 through 70, where the cross 
section was summed into 0.5 MeV bins. No measurement was made of the 
emission spectra below 4 MeV. 

The angular distributions from, groups of levels between I.!i0 and 
9.00 MeV excitation are shown in Figs. 71 thru 75. Each plot covers 
a 1.5 MeV range in excitation energy. 
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EXPERIMENTAL ANGULAR DISTRIBUTION 
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EXPERIMENTRL ANGULAR DISTRI3UTI0N 
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EXPERIMENTAL ANGULAR DISTRIBUTION 
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EXPERIMENTS ANGULAR DISTRIBUTION 
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EXPERIMENTAL flNGULRR DISTRIBUTION 
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IV.F. Lead 

Lead data were taken as a natural prelude to the fissionable iso­
topes. Although the scattering phenomena of this isotope are well 

10 32 39 known ' ' the data are presented here because of the excellent resolution. 

Fig. 76 is the extracted elastic angular distribution and Figs. 77 
through 80 contain the complete data set. Each curve is a combination 
of high and medium energy data. Several levels and groups of levels 
are resolved. The 2.6 MeV level is especially noticeable. 

Fig. 81 is an oblique projection of data taken in the early stages 
of experimentation when the resolution was 3 nsec FWHM. It is presented 
as a grapnical display technique which was later modified to the type 
display shewn in Fig. 6t. 

The angular distribution from the levels between 1.80 and 3.30 
MeV excitation in natural lead are shown in Fig. 82. The 3~ levels at 
2.60 MeV ir. Pb and Pb dominate in this range of excitation ener­
gies. Fig. 83 shows the angular distribution of a group of levels ob­
served near 4.50 MeV. Figs. 81 and 85 depict the angular distribution 
of groups of levels at higher excitation energy. 
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EXPERIMENTAL flNGULRR DISTRIBUTION FROM THE 2.6 MEV 
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EXPERIMENTAL ANGULAR DISTRIBUTION 
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EXPERIMENTAL ANGULAR DISTRIBUTION 
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IV.G. Uranium-235 

The emission spectra from a target containing 93.5% of and 
238 6.5% U were observed at 20 angles. The elastic angular distribution 

was extracted from these measurements and is shown as Fig. 86. The 
spectrum at each angle is shown in Figs. 87 through 91. Each of these 
spectra is a composite of high, medium and low energy data. The solid 
line is generated by connecting points each 100 keV. The data have been 
corrected for isotopic abundance, flux attenuation and multiple 
scattering. Figs. 92 and 93 are linear and semi-log oblique projections 
of the raw data. 

Figs. 94 through 97 show the angular distributions of groups of 
levels in TJ. The vertical error bars are statistical. The horizon­
tal error bars are the upper limits of the angle subtended by the target. 

Based on the success in separating the 2 level in iron at 845 keV 
excitation, it was expected that the 3~ excitation level at about that 
energy in the fissionable isotopes would be seen and measured. It was 
not clearly resolved, an indication that its strength is less than two 
millibarns. 

235, 40 41 Previously published "TJ data ' lack in accuracy. 
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NEUTRON EMISSION SPECTRA 
FROM URANIUM-235 

16 10 5 0 
Scaffering Energy (MeV) 

FIG. 93 



163 

EXPERIMENTAL ANGULAR DISTRIBUTION 
K 

• 
I 

» 
4 

n 

2 T 4\ -. F*= 
i 

1 
• - T -

— « — h - rr 
I Hi \ 

[ 

H= t: 
9 T •=f 
4 ±- 4= i j _ _ 

• - ^ 
I 

2 — «. -. <-fcl 

L i • i * i - 1 
• 

s i 1 

** U-235 ** 
DEGREES ICH1 

Q-VALUE SUM BETWEEN -1.50 AND -3.00 MEV 

FIG. 94 



164 

EXPERIMENTAL ANGULAR DISTRIBUTION 
1 •• ' 

t 
I 
7 
• 
| 
( 

J 

! | 1 
. >. 1 

— 

— ! ^ 

-3i r*-
_ =fc h FT — 

4- K - ^ « ffl 
— — — ^ . 1—t f 3 - - i d 

E»Ht 

DEGREES fCMl 

** U-235 ** Q-ULUE SUM BETWEEN -3.00 AND -4.50 MEV 

FIG. 95 



165 

EXPERIMENTAL ANGULAR DISTRIBUTION 
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EXPERIMENTAL RNGULflR DISTRIBUTION 
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IV. H. Uranium-238 

The emission spectra from a TJ ring target with 14 MeV neutrons 
incident were observed at 19 angles. The elastic angular distribution 
is shown as Fig. 98. Figs. 99 through 103 contain the spectra observed 
at each angle. The data have been corrected for multiple scattering and 
flux attenuation. 

The elastic angular distribution was oanpared to the measurement 
42 43 

of Voignier. Inelastic measurements have been made by Bertin et al. 44 and Boschung et al. 
Figs. 104 through 107 are plots of the angular distribution for 

group of levels at excitation energies up to 7.50 MeV. 
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EXPERIMENTAL ANGULflR DISTRIBUTION 
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EXPERIMENTAL ANGULAR DISTRIBUTION 
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IV. I. Plutonium-239 

Safety consideration required the plutonium-239 ring to be en­
cased in a stainless steel can (see Fig. 108). The data were thus com­
plicated by the presence of a considerable mass of elements near atomic 
weight 56. The presence of the stainless steel was not unambiguously 

239 removed, so the data from the Vu and stainless steel can are presented. 
Fig. 109 shows the observed low energy spectrum. The solid line 

is generated by connecting points each 10 keV. Fig. 110 shows one 
of the three (45°, 95°, 135°) medium energy spectra measured. The 
elastic peak in Fig. 110 is abnormally broadened by the presence of the 
lighter mass stainless steel can. Points each 100 keV are connected. 

Figs. 111-129 contain the observed high energy spectra. In each 
figure, the medium energy spectrum observed nearest the angle indicated 
is plotted between 1 and 5 MeV. The low energy spectrum observed at 
95° is plotted between 0 and 1 MeV in each figure. The solid line con­
nects points each 100 keV. 

Fig. 130 shows the extracted elastic differential cross section. 
Kigs. 131-135 contain the differential scattering cross section to other 
energy levels, relative to the elastic peak. Figs. 131 and 132 are 
forward peaked, indicating a direct scattering cross section. Figs. 133 
and 134 are roughly isotropic. Figs. 135 shows a differential cross 
section increasing at backward angles. This effect is ascribed to the 
energy asyremetry of the source and kinematic shift in inelastic scattering 
toward backward .ingles. The spec truss of neutrons energies shown 
in Fig. 135 is dominated by the fission spectrum, which is isotropic in 
energy relative to zero, not energy relative to the elastic peak as indi­
cated in each of the Kigs. 131 through 134. 
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DIFFERENTIAL ENERGY SPECTRUH 
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DIFFERENTIAL ENERGY SPECTRUM 
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DIFFERENTIAL ENERGY SPECTRUM 
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DIFFERENTIAL ENERGY SPECTRUM 
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V. Sunmary 

The differential neutron emission spectra emitted by Pu, U, 
235 

U, Pb, Nb, Ni, Fe, Al, and C when bombarded by nominally 14 MeV neutrons 
4 

from the T(d,n) He reaction, were measured in ring geometry. The energy 
3/2 resolution (E(MeV) /200), the range of energies measured (lOkeV to 14 MeV), 

and the range of angles at which measurements were made (20-160 degrees), 

combine to make the measurements presented herein the most complete and pre­

cise of their type. 

The data should be immediately useful to applied scientists and 

nuclear engineers for use in the study of 14 MeV neutron transport pro­

blems. The hamogenity of the data over a wide range in Z values makes eval­

uation simple and the data easily utilizable. These data open channels of 

investigation for theoretical physics. Especially promising in this re-
14 15 gard are the recently described ' pre-equilibrium phenomena. 

The sheer bulk of data taken dictated that there would be many 

interesting investigations of the data left undone. There remains a 

wealth of information which could be easily extracted from the data 

as presented herein. Cross sections could be integrated over angle, 
23 but optical model calculations are needed for determination of the elastic 

235 cross section near zero degrees. This was done in the case of U,and 

the total cross section compared favorably with published Total cross 

sections. 

The extracted angular distributions could be improved slightly by 

fitting the known line shape Csee Sect. II.A.7 and Fig. 19) to the data. 

This process would allow separation of closely spaced levels of greatly 
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different magnitude. This would make possible the accurate determination 

of the angular distribution of the 2' level in iron, for example. 

Much of the data is presented without the multiple scattering cor­

rection. This was done because the Monte Carlo code used to make the 

correction was especially inaccurate in the region where direct and pre-

equilibrium scattering dominate (S to 12 MeV). The correction should 

be calculated with a code which treats the phenomenon correctly. At any 

rate, the correction is believed to be less than 10% in this region. 

I regret that I was unable to subtract the effects of the stain­

less steel container from the plirtoni.um data. This could have been done 

experimentally by constructing an identical container and making a 

direct subtractior. or by correcting the data by calculational methods. 

The code used for the multiple scattering correction made such a correc­

tion in principle. The error is large enough, however, to justify 

further investigation. 
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Appendix A 

Experimental Geometries for Measuring Neutron Scattering 

1. General 

The experimental geometry used for a particular experiment is at 

best a compromise. It is desired that a high neutron flux be obtainable 

in a geometry which requires few corrections to the data due to multiple 

scattering, background, and source polarization. Equipment costs, 

set up time, and running times must be reasonable. 

Ring geometry was chosen for this work as the best geometry available. 

Other possible geometries will be discussed in this appendix in order 

that the reasons for this choice become obvious. There is an infinite 

number of possibilities regarding the shape and location of the scattering 

material, the shielding and collimation, the neutron source, and the 

detector. Only three possibilities in common usage are discussed here, 

but others are possible and have been used. 

2. Cylindrical Geometry 

Fig. 136 a i? a schematic representation of cylindrical geometry in 

which the neutron source and a cylindrical scatterer remain stationary 

and the angular distribution is measured by varying the detector location. 

This geometry facilitates the accurate measurement of the scattered angu­

lar distribution since the target is symmetric to all scattering angles. 

Source polarization difficulties are avoided since the zero degree source 

neutrons are scattered from the cylindrical sample. Source neutron 

energy is easily varied by varying the energy of the charged particle 

beam and by using various neutron producing reactions. 



211 

Serious difficulties arise from cylindrical geometry due to the 
need for a large scatterer to detector distance in order that time-of-
flight can be used to determine scattered neutron energy. If the scat­
terer is large enough to yield reasonable flux levels at a distant de­
tector, multiple scattering becomes a large effect and seriously degrades 
the accuracy of the cross section determination. The cylinder diameter 
is thus limited to about 1/4 mean-free-paths. If the preferred shadow 
shield geometry shown in Fig. 136a is used, shields must be prepared 
for all angles. 

3. Flat Plate Geometry 
The flat plate geometry depicted in Fig. 136b has many of the advan­

tages of cylindrical geometry but fewer disadvantages. Neutron flux 
at the detector is about a factor of five higher, thus reducing the 
running time at each angle, yet multiple scattering is approximately 
the same since it is primarily a function of plate thickness. It is 
possible to obviate the need for multiple shadow shields to cover the 
desired angular range by enclosing the detector in a collimator system 
which "sees" only neutrons scattered from the sample. 

Flat plate geometry suffers from poor angular resolution, variation 
in the scattered neutron's flight path, and low count rate. 

*t. Ring Geometry 
The principle advantages of ring geometry are high count rate and 

small multiple scattering corrections. 
The count rate is about a factor of 30 higher than cylindrical 

geometry experiments of comparable angular resolution and multiple 
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scattering correction. Ring geometry In the present application features 
a stationary neutron source, detector, shadow shield and collimator. 
The X'ing position is changed to define the scattering angle. Since 
a neutron source energy of 14 MeV was desired, the T(d,n) He reaction 
was used at low deuteron energy. A low energy accelerator capable of 
high deuteron fluxes was used to increase the detected flux to a factor 
of 100 more than observed in the typical cylindrical geometry experi-

42 . 45 
men+. At low deuteron energy the source is not polarized, thus elimi­
nating one of the difficulties of ring geometry. Source neutron energy 
and flux aniostropy are only minor problems at the low deuteron energies 
used. Fig. 136 c is a ring geometry schematic. 
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