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ABSTRACT 

The Preparation of a Monoenergetic Neutron 

Beam viith Energy between 8 - lit MeV 

Amiram Hochbsrg 

3 3 
He —neutron coincidences in the D(din)He reaction were used 

to obtain a monoenergetic neutron beam. The charged partic3.es *were 

detected using a ■very thin scintillation detector and the time of 
3 

flight technique. The high cross section of the D(d4n)Ke reaction 

at forward angles was utilizedf and the shape of the neutron beam 

was determined. The results ware compared to those obtainedvith 

a solid state detector, 'This method can be used to obtain mono™ 

energetic neutron beams of 8 «• lU 2fe7, which are hard to obtain 

by other means. 
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I. INTRODUCTION 

The understanding of the properties of the neutron and its inter¬ 

actions with matter depends to a large extent on a detailed study of 

these interactions as a function of energy. To that end, neutron 

sources of high yield and accurately known energies, over a wide energy 

range, are needed. 

The first neutron sources used were radioactive alpha sources mixed 

with a suitable light element such as beryllium or boron. A polonium- 

alpha-beryllium source was used by Chadwick in the work which led him to 

(l) 
identify the neutron , These sources are weak compared with other 

types, but they are small and constant. 

The construction of nuclear reactors employing controlled chain 

reactions of neutron induced fission made available very large neutron 
lil ~2 —1 

fluxes. Fluxes of the order of 10 n-cm -sec. of moderately fast and 

(2) 
thermal neutrons are easily obtained in a large reactor . Special 

energy regions can be selected by crystal reflection and other means. 

Accelerators can be used to produce large fLuxes of fairly mono¬ 

chromatic neutron beams. The energy of the neutrons can be easily 

changed and in a continuous manner. The energy of the neutrons, as well 

as the intensity, depend on the type of the reaction. 

The monochromaticity of the neutron beam is determined by a number 

of factors. If the primary beam of charged particles inducing the re¬ 

action has a spread in energy, the neutrons produced will share this 

spread, Van-de-Graaf accelerators provide relatively monochromatic 

beams. The energy loss of the incident beam in the target material 

would cause a dispersion in energy, which can be minimized by the use 



of thin targets. Geometry is a third factor? the actual detectors 

and sources used do not always approximate point sources and detectors. 

Thus, an actual detector responds to neutrons from the source that has 

been produced over a small region of angles with respect to the incident 

beam. 

The background phenomenon often poses a serious problem. These 

are all the neutrons which do not originate in the desired reaction and 

geometry. Neutrons generated in the source reaction in angles other than 

the one desired may be scattered, elastically or inelastically, from the 

walls, the floor or other objects, into the neutron detector. The prim¬ 

ary beam may interact with contaminants in the target material and pro¬ 

duce spurious neutrons. Spurious neutrons can also be produced by 

interaction of the beam with defining apertures, target holders and beam 

stoppers• 

Neutron background can be reduced by the pulsed beam method or the 

associated particle method. The latter has the additional feature of 

producing a collimated beam. Both methods have been used in neutron 

producing reactions, the associated particle method in those reactions 

in which the associated particle has enough energy to get out of the 

target and can be easily detected. In many cases the associated parti¬ 

cles must be distinguished from a very much larger number of charged 

particles from other reactions in the target, especially elastic 

scattering, 

3 
The T(P,N)He reaction is used as a neutron source in the 0.6—MeV 

u 
energy range, the T(D,N)He reaction in the lU.1-30 MeV range, the 

7 7 (2) 3 
Li (P,N)Be from about 150 KeV to a few MeV . The D(D,N)He reaction, 

used in this experiment, is intermediate in the neutron energy range. 



(3) 3 . 3 
.. Shapiro et al. used He - neutron coincidence in He C(D,M)K0 

~~3 
reaction for a deuteron beam of 250 KeV, The He particles were de¬ 

tected using KI(TL) scintillation crystal. A light magnet was used to 

3 
separate the He from other charged particles, but complete separation 

could not be obtained, 

(h) 
Bai’the et al. used a thin plastic scintillator for detection 

h U 
of He in the T(D,N)Ite reaction, using pulse height analysis to 

k 
separate He from other charged particles* 

(S) 
Put et al. used the electrostatic field inside a cylindrical 

condenser for charged particles separation. Good resolution, using a 

3 3 
solid state detector, was obtained for 800 KeV He from the D{D,K)He 

reaction. 

Most of the work was done with beam energies of a few hundreds KeV, 

using Cockroft-Y/alton accelerators. Thus, the neutron beams obtained 

3 
had energies up to3 MeV, For the D(D,N)He reaction at these energies 

there is no marked dependence of the cross-section of the reaction on 

the angle of the outgoing neutrons. For higher beam energies, however, 

of the order of a few MeV, there is a strong dependence on the angle. 

The cross-section is bigger for small forward angles of the outgoing 

neutrons, and may decrease by more than a factor of ten for bigger angles 

(6) 3 
Schuster used, the associated particle method inthe D(D,N)He 

reaction, for relatively large (bigger than 20 degrees) angles of the 
3 

outgoing neutrons. The associated He energies were bigger than 3 MeV, 

and the cross section for the reaction was a few milibarns. Using 
2 

thick targets (about 1300 V//cm) and beam intensities of up to 0*5 \>A > 
6 —1 —1 

the neutron flux obtained was about 10 counts-ster, -sec, , A 

rapid deterioration of the target under such high beam intensities was 



FIGURE 1 

Cross sections (Laboratory) for 
3 

the D(D,N)He reaction as a function 

of anglo and beam energy 
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observed 

In this experiment, the large cross-section for small forward 
3 

angles vras utilized. The associated He particles, vtith energies of 

a few hundreds KeV, were detected using a scintillation detector and 

the time-of-flight technique. 



II. EXPERIMENTAL APPARATUS 

A. 5he Beam. 

An incident deuteron beam, provided by the Rice University Tandem 

Van de Graaf accelerator, was used. The beam 7/as pulsed and bunched, 

using the existing facilities at the Bonner Nuclear Laboratories of 

Rice University. A detailed discussion <£ the production of nanosecond 
(7) 

ion bursts for use with tandem accelerators has been given by Bretscher. 

The beam chopping is accomplished by applying an R.F, sinusoidal voltage 

to a set of deflector plates which periodically sweeps the beam across 

an aperture. Two ion bursts are obtained per cycle. Because of the 

finite time the ions spent between the deflector plates, the axial rays 

get a net deflection, so that neither of the two beams is on the; axis. 

Fcr this reason, and for reasons of timing, it is desirable to retain 

only one of the ion bursts per cyclea There are two distinct ways'of 

(2) 
achieving this . The deflection voltage can be applied v/ith the 

proper phase to a second set of plates oriented at 90° with respect to 

the first set. A Lissajou patternresults, and with a d0c. voltage 

applied to the second set ofpLates the beam can be made to cross the 

chopping aperture only once per cycle. The second method uses a d.c. 

bias only. 

(8) 
The system used at Rice consists of two sets of plates, The 

first pair is electrically grounded and is used to protect the second 

pair (deflector plates) from being damaged by the high intensity beams. 

The R.F. voltage used is constant in frequency *- 2,£ HKZ - and of vari¬ 

able power. A d.c. bias (usually 0-50 volts) is applied to the upper 

of the twodeflector plates, so that only one ion burst per cycle i3 

obtained. 



The beam chopper provides periodic, well separated pulses, each 

havinga duration of about 20 nanoseconds. Tnese pulses are compressed 

by the buncher so that, ideally, all particles in the pulse arrive at 

the target simultaneously. This is done by means of an axially 

symmetric, time varying, electric field which decelerates the leading 

particles in the pulse and accelerates those at the rear. The buncher 

used at Rice is a two gap buncher, andthe bunching frequency is 20 

Me,/sec. 

The actual pulse width is determined by debunching effects. These 

are mainly due to injector H.V. ripple, stripper canal, therminal H.V. 

(7) 
ripple and 90 degrees analyzer magnet . The combined effect results 

in pulse broadening, at the target, of 1.0 nsec. F.W.H.M. 

During the experiment, the shape of the beam pulses was monitored 

using the gamma-ray spectra resulting from the beam hitting the viewing 

quartz in front of the chamber. A small plastic scintillator, mounted 

on a $6 A VP photomultiplier tube, was used as the detector. 

Atime-of—flight spectrum,vhere the tube signals ware in the "start" 

channel, and the E.F. pulsing voltage was used in the "stop" channel, was 

obtained. Since the life-times of the nuclear excited levels giving 

rise to the gamma rays were many orders of magnitude less than a nano¬ 

second, and thefLight paths for all of them were identical, the width 

of the peak obtained in the time-of-flight spectrum was representative 

of the duration of the ion burst* 

To minimize gamma ray and neutron background, the beam pipes were 

lined with lead, the beam was transported 1$ meters beyond the chamber, 

and dumped in a concrete-shielded beam dump* 



FIGURE 2 

A block diagram of 

the electronics used for the 

determination of beam shape 



Q: 
Lii cc 
H 
3 
Q. 

UJ 
IM 
>: 

S 
o < 
o 2 

< 

o 
< 

•z 
>’ 
z 

Q: 
UJ o o 
cc »- 

>- < 
•J 

LU Q 

a: 
UJ 
o o 
cc 
H 

CC 
tlJ 
> 

O o 

CC X 
UJ 
N 

* 

2 
o 
C£ 
U. 

Ill 
03 3 H O 
H O a: 
CL 

T 

U.* 
CC 

D
E
L
A
Y
 



B. The Chamber 
(8) 

The chamber used was that designed by D, Velkly , This is a 

light-mass chamber, specially designed to minimize gamma-ray and 

neutron background. It consists of a thin-v/alled, stainless-steel ball, 

12“ in diameter. The target holder is at the center of the ball. 

There is provision for an arm, on which a solid state detector can be 

mounted. The angle between the arm and the beam can be continuously 

varied from 0-180 degrees. In this experiment a specially built arm, 

with housing for a small photomultiplier tube, was used. There were 

two slits? one outside the chamber, about 39 cm. from the target, with 

an aperture of 3/32", tlie other inside the chamber, 29 mm, from the 

target, with an aperture of l/8“* Both slits could be put in and out of 

the bean path, and the current on the slits was monitored. The chamber 

had tyro viewing portholes, used to check the condition of the target. 

C. Targets 

Deuterated polyethylene targets were used. Beuterated polyethylene 

powder was dissolved in boiling carbon tetrachloride, the solution was 

poured on glass slides and when the solvent had evaporated, the foils 

were floated off the glass, in water. The foils were weighed, to deter¬ 

mine their thickness. Special care was taken to choose the thinnest 
3 

ones, so that the energy loss of He particles in the target would be 
2 

minimized. Typical targets were about 100 /cm thick* 

D. The Detection of Charged Particles 
3 

The reaction D(D,N)He has a high cross section for outgoing 
3 

neutrons at small forward angles, and the corresponding He energies 

are a few hundreds of KeV. For charged particle-neutron coincidence, 



FIGURE 3 

A schematic drawing of 

the "Velkly11 chamber 

used in the experiment 
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the charged particles detector should have the following properties: 
3 

(1) The detection of low energy He particles would be possible 

and they would be well separated from other particles. 
3 

(2) Lovf count rate for particles other than He , so as to elimi¬ 

nate saturation of the electronics. 

The main competing reactions in this experiment were elastic 

scattering of deuterons from carbon and from deuterium. These reactions* 

and most of the others, give rise to outgoing particles with energies of 
3 

a few MeV compared to energies of a few hundreds of KeV for Ha particles 

at the same angles. The only exceptions are the outgoing tritons of the 

D(D,P)T reaction, with energies below 1 MeV. 

A few different tecnhiques have been used. Some of them are listed 
(9) 

in the introduction. Hsu et al. used a verythin plastic scintillator, 
3 

and pulse height analysis to detect He particles. They encountered 
3 

•'grave difficulties” for He energies below 1 MeV. They used a deuteron 
2 

beam of 12$ KeV and an aluminum foil, l£0 ^/cm thick, was used to 

step elastically scattered deuterons. 
(10) 

Divatia et al. used a solid state detector and separation of 

the charged particles in the magnetic field of a snail permanent magnet. 
3 

Theyrare not able to detect He particles with energies of less than 

300 KeV and concluded that the available differential cross section for 

neutron production is limited to about 10 mb/ster# 

Another possibility is the use of a very thin solid-state detector, 
3 

so that only He particles of a few hundred KeV would be stopped. Such 

thin detectors are beyond the current state of the art in commercially 
3 

available detectors. (A 600 KeV He particle would be totally stepped 

by 2 microns of silicon) 



In this experiment, a very thin plastic scintillator was used. 

A plastic scintillator v/as chosen for its fast decay time, compared 

with an inorganic scintillator or anthracene. The decay time (fast 
(11) 

component) of anthracene is 33 nsec, compared with 2.2 nsec, for 

NE 102. A fast decay time was desired so that in combination with a 

fastrise-time photomultiplier tube adequate timing signals could be 

obtained, and time-of-flight techniques could be used. Two types of 

scintillator were tried: commercially available Pilot B scintillator, 

, (12) 
0.0005 £ 0o0002

,, thick vrith .the following properties : 

(I) Pulse height: 685 of anthracene 

(II) Decay time: 2.1 nanoseconds 

(ill)Speoific gravity: 1.02 

(IV) 1005 hydrocarbon, the atomic ratio of HsC being ,1:1.1 

(13) 
The second type used was NE102 : 

(I) Pul.se height: 655 of anthracene 

(II) Decay time: 2.2 nanoseconds 

(III) Specific gravity: 1.032 
—6 —6 

(IV) Atomic ratio: H:0,0525j G:O.Oit75j N:1.8xl0 ; 0:1.8x10 

The Pilot B used was thick enough to stop alpha particles of about 

2 MeV. It was used in the first trials. Later, to reduce the number 

of unwanted counts, thinner scintillators were used. Small pieces of 

plastic scintillator were dissolved in ether, and the solution was 

poured on glass slides. When the ether had evaporated, the scintillator 

was floated off the glass in water. Both slide glass and the solution 

were cooled, using dry ice, to reduce the rate of evaporation, so that 

uniform layers of scintillator were obtained. It was found that sheets 

of the required thickness (about 5 P ) were more easily prepared from 



I® 102 than from Pilot 3, The scintillator used was 800 KeV thick for 
3 

He particles. 

The scintillator was optically coupled to RCA 8571 photomultiplier 

tube. This tube was chosen because of its small dimensions, enabling 

its use inside the vacuum chamber. Thus, great amount of flexibility 

was achieved and the use of cumbersome light pipes was eliminated, 
dii) 

The tube was a side-on, 9 stage type, of 1*37” overall 

length and 0,53" maximum diameter. Anode pulse rise time was 1,U 
6 

nanoseconds (at 1000 V) and the current amplification was 2,1x10 (1000 V), 

A magnetic field of 1 gauss reduced the anode current by less than 1$. 

The resistor chain used is shown in the figure. In general, it was 
.(15) 

desired to choose resistor values as small a.3 possible , Since the 

amount of heat generated viaa desired to be kept low, because of cooling 

difficulties in vacuum, intermediate values were chosen. The cathode 

~D1 resistor was chosen larger than the others, so as to get good 
(11) 

focusing in the first critical stage of electron multiplication , 

The D9 -anode resistor was larger than the preceeding ones, so a3 to 

reduce space charge. Capacitors were connected across the last two 

stages to bypass the current pulses during tube operation, sotiiat the 

amplification would be kept constant. The signal from the last aynode 

was integrated and fed into a high input impedance F.E.T. preamplifier, 

A negative high voltage was supplied to the cathode, and the anode 

was kept at ground potential. This way, no high •voltage appeared at the 

output stage,a desirable factor for safety and ease of handling of the 

output signal. 

The tube housing was made fhom 3 mm* thick aluminum, Netic and 

conetic magnetic shielding was placed on the inside rim, A collimator, 



FIGURE U 

Circuit diagram of die 

photomultiplier resistor chain 
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n„ 

3/V> long and 0oC6
l! x Oj^O'* cross section, was attached to the housing* 

The dimensions wore those of the photocathode, and disks with smaller 

apertures could be used with the collimator. The solid angle subtended 

-3 
at the detector was lol?6xl0 ster. 

To facilitate cooling of the tube, vrtiich was operated in vacuum, 

(16) 
inside the. chamber, the following method was used : the resistors, 

all of which were 1% metal-film, were covered with metal-based epoxy, 

which is an insulator, but still conducts heat, A copper wire was 

glued, in one end, to the resistor chain, using the same epoxy, and the 

other end was connected to the chamber walls. The same wire served as 

electrical ground. 

Special care was taken to eliminate all possible sources of light 

inside the chamber, and the dark current of the tube was monitored as 

a check against possible light leaks. 

Two methods were tried for identification of the charged particles > 

one was time-of -flight} using the anode pulses; the other was pulse 

height analysis, using the last dynode* 

The use of pulsed and bunched beam, and the fast rise time of the 

anode current pulse permitted the use of the time-of—flight technique. 

The scintillator to target distance was 11.8 cm. and typical flight times 

were* 

Particle Energy (MeV) Flight time (nsec.) 

3 
He 0.3 26.8 

3 
He 0.5 • 20.8 

3 
He 0.8 ' 16.U 

D 3 6.9 

3.2 P 7 



FIGURE $ 

The time of flight for 

charged particles at beam energy of 8.5 MeV 

and flight path of 11.8 cm. 
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3 
A survey was made of the kinematics of the D(D,N)He and most of 

the other reactions resulting from a beam of deuterons and a deuter- 

abed polyethylene target, A computer program for two>~body kinematics 

which is in general use in the Bonner Nuclear Lab, vra.3 used. It was 

found that in the angles of interest in this experiment* most of the 

outgoing particles have energies greater than 3 MeV. The only excep¬ 

tion are tritons from the D(D,P)T reaction, which usually have energies 

3 
vdthin a few hundreds of KeV from those of the He particles. 

The anode pulses were not big enough to trigger the zero-crossing 

discriminator. Thus, a fast amplifier, E.G,&G. model AN201/N quad 

amplifier was used. This module featured four independent, identical 

amplifiers, each of which had the following properties: 

(I) Gain of U* 

(II) Rise and fall times 1*6 nsec, 

(iIl)Noise $0 y'/ r0m,s,, referred to the input. 

It was desired to keep the operating voltage of the photomultiplier 

tube as low as possible, so that the amount of heat generated in the 

resistor chain would be minimized. Therefore, three amplifiers were 

connected in series, to give a total amplification of 61* , The output 

of the last amplifier was shaped by means of a shorted delay line and 

fed into a zero-crossing discriminator. Since the amplifiers had a 

fixed gain, the operating voltage of the photomultiplier tube was used 

for controlling the size of the pulses fed into the zero-*cross5.ng 

discriminator, which had a fixed threshold. So, the system phototube- 

amplifiers-zero crossing discriminator could be used as a variable- 

threshold, zero crossing discriminator. The operating voltage of the 

3 
phototube was so fixed that the pulses produced by He particles of the 



13* 

desired energy -were just above the threshold. Thus, background dus to 

3 
dark noise and particles other than He was minimised. 

The signal from the zero-crossing discriminator, E.G.&G. Model 

TlUo/N, was fed into a trigger, E.G.&G. Model TRIOlu The trigger output 

pulse, vd.thYd.dth determined by an external delay, was delay-line differ¬ 

entiated, inverted and used as the "start" signal for a time-to-ampli- 

tude converter, E.G.&G. Model TH20QA. The R.F. pulsing voltage r/as fed 

into TlUo/N zero-crossing discriminator, the output of which triggered 

the TRlOlj.. The trigger output, differentiated and inverted, served as 

the "stop" signal for the T.A.C. 

The T.O.F. spectrum was calibrated by comparing spectra taken at 

different angles, and identifying the various peaks. A peak was found 

at the point corresponding to zero flight time. Such a peak could 

originate by either of the following: 

(1) Gamma rays or neutrons interacting yrith the scintillator. 

(2) Gamma rays or neutrons interacting with the tube electrodes. 

(3) Fast electrons originating in the target. 

(U) Light quanta originating in the target, from the CD molecules 

2 
excited by the ionized particles, either from the beam or from the 

nuclear reactions in the target. 

3 
At lower energies of He particles, which necessitated higher 

operating voltages for the tube, the size of this peak was many orders 

3 
of magnitudes that of the He peak. To eliminate this problem, the 

T.A.C. input was inhibited during that part of time corresponding to 

3 
time of flight smaller than that of the He particles. This was accom¬ 

plished by using a linear gate. The "start" pulses, before being fed 

into the T.A.C., were passed through a linear gate which was kept open 



only for a short time during each cycle. The length of time* and its 

3 
timing relative to the R.F. voltage, were so chosen that only the He 

peak appeared in the T.A.C, spectrum. 

The output of the photomultiplier tube was amplified, using three 

AN/201N fast amplifiers connected in series. The signal nas then delay- 

line differentiated, and fed into a zero™cro3sing discriminator, E.G.&G, 

Model TlUo/N. The output of this discriminator was connected to the 

input of a linear gate, E.G.&G. Model LG101. The gating signal was 

derived from the R.F. voltage. This was fed into a TlUo/N zero crossing 

discriminator, whose output was delayed, using an external delay, and 

fed into a TRIOlt trigger. The Y/ldth of the pulse coming out of this 

trigger was adjusted by means of an external delay, to a value around 

10 nsec., and served as the gating pulse for the linear gate. The 

signals passing through the gate were fed into the 11 start” channel of 

the T.A.C, which was set on the 100 nsec, scale. The values of the 

3 
delay and width of the gating pulse were so chosen that orily the He 

peak appeared in the T.A.C. output. 

E. Th8 Neutron Counter 

The neutron counter used featured the pulse shape discrimination 

system (P.S.D.) designed and built by S. T. Emerson, J. Sandler and 

(17) 
J. Buchanan and described by J. Sandler . 

(18) 
Wright discovered that alpha particles and electrons produced 

scintillations in anthracene with different decays. These scintillations 

had two components! an initial fast spike and a long lived component. 

(19) 
Owen showed that the differences occur in the intensity of the long 

lived components relative to the intensity of the initial spike. This 

phenomenon was utilized to distinguish between gamma-rays and neutrons. 



Gamma rays would interact mainly with electrons, through compton 

scattering, the photoelectric effect andpair production, while neutrons 

would mainly scatter elastically from protons. The ensuing scintilla¬ 

tions would be, in the first case, those characteristic of electrons, 

while for neutrons those characteristic of heavily ionizing particles, 

A few methods, based on the phenomenon described, has been devised, 
(17) 

The one used by Sandler et al. was the method of zero-crossover 
” ~~ (20) 

detection, suggested by Alexander and Goulding , In this technique, 

a dynode current pulse is integrated with a time constant longer than 

the scintillation time constants. The pulse is then shaped, using 

delay line differentiation, resulting in a 1 wide, almost rectangu¬ 

lar pulse. The pulse is then split into two channels’, each containing 

an R-C differentiating circuit. One of the R-C time constants is so 

chosenthat the resulting pulse crosses zero during the fast spike of 

the original pulse. The time of the zero crossing is determined by a 

zero-crossing discriminator, and is used as the "start" signal for a 

time-to-amplitude converter, The other R-C time constant is larger, 

and the zero-crossing time of the pulse shaped by it, determined by a 

zero-crossing discriminator, is used as the "stop" signal for the time- 

to-amplitude converter. This time constant is so chosen that electron 

induced scintillation pulses cross zero during the fast part cf the 

trailing edge of the pulse, while pulses having larger slowly decaying 

components (like neutrons) cross zero during the slow part of the pulse. 

Thus, the time between a "start" and a "stop" signal is small for an 

electron induced scintillation pulse, while it is relatively large for 

a proton induced pulse. The nature of the incident radiation is there¬ 

fore identified: For a gamma ray, the T.A,C. output pulse is small, 



FIGURE 6 

Wave forms and a block diagram of 

the pulse shape discrimination 

. system (after Sandler). 
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while for a neutron it is relatively large. 

The neutron counter and P.S.D. system have the following 

(17) 
properties s 

(I) A neutron bias of 100 KeV, responding positively to 

gamma-rays above l60 KeV. 

(II) Typical neutron acceptance of 91% and gamma rejection 

of 9&%» 

(III) Dynamic range greater than100:1. 

(IV) It is capable of operating at count rates exceeding 

30,000 c.p.s. 



III. ELECTRONICS AND EXPERIMENTAL PROCEDURE 

Getting a monoenergetic beam of neutrons consisted of the follow¬ 

ing steps: gettingreutron time of flight spectrum; getting charged 

particles spectrum and identifying the He peak; and finally, requiring 

coincidence between the He events and neutron events, so that all the 

neutrons not coining directly from the source reaction were rejected. 

The energy spectrum of the neutrons detected by the neutron counter 

was determined using the time-of-flight technique. The time of flight 

of a particle is related to its energy by the relation* 

where E is the energy of the particle in MeV, and A is its atomic number 

To determine the calibration, variable calibrated delays were in¬ 

serted in the “start” channel of the T.A.C. This way, a relative cali¬ 

bration, that is the number of channels corresponding to 1 nanosecond, 

was determined. Then, knowledge of tie possible reactions enabled the 

identification of the various peaks in the spectrum. 

The pulse shape discrimination system described above was used, so 

that most of the gamma rays were rejected. This was accomplished by 

requiring slow coincidence of the detected event with that specific 

portion of the P.S.D. time-to-araplitude converter output corresponding 

to neutrons. This specific portion was selected by using the single 

channel analyzer in the Cosmic coincidence unit. 

Two different methods were tried for getting the time of flight 

spectrum of neutrons. They were compared as to time resolution and as 

to background. 

3 

3 



(I) The "start1* signal cams from ths neutron counter, the ’’stop” 

signal from the R.F. pulsing voltage* 

The neutroncounter employed two photomultiplier tubes viewing the 

same scintillator. To minimize the tube noise level, a fast coincidence 

was required for the two delay“line differentiated anode signals. Each 

signal v/as sent into an E.G.&G, model T/lUOlJ zero-crossing discriminator. 

One output signal was delayed 12 nsec, and fed into a fast coincidence 

unit (E.G.&G. Model C102A). The other output signal was sent into a 

fast trigger (E.G.&G. Model TRIOU) which produced a o,5 wide, rect¬ 

angular, negative pulse -which was used as the second input into the 

fast coincidence unit. The coincidence module output -was fed into an 

E.G.&G. Model TRIOli trigger. The width of the output pulse was fixed 

by means of an external delay. The pulse was then delay line differen¬ 

tiated, inverted and used as the "start** signal for a time to amplitude 

converter, E.G.&G Model TH200A.. Since only negative pulses were accep¬ 

ted by the T.A.C,, a delay was thus introduced into the "start" channel, 

equal to the width of the pulse coming out of the trigger. 

The R.F, v/as sent into an E.G.&G. T/x^ON zero-crossing discrimina¬ 

tor, so that one fast timing signal per cycle of the R.F. resulted. 

This signal was delayed, using an E.G.&G. TRIO]* trigger, In the manner 

described above, and used as the "stop" signal for the T.A.C, Variable 

delays were introduced for both the "start** and '’stop** signals, because 

the actual timing depended on many parameters, such as the phase between 

the pulsing R.F. voltage and the bunching R.F. voltage, lengths of cables 

used, etc., which could not be known in advance. 

The output of the T.A.C. was shaped and amplified in an Grtec UlO 

linear amplifier. The output of the amplifier was fed into the computer- 



FIGURE 7 

A. block diagram of 

the electronics used for charged particle 

time of flight measurements 
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analyzer system. A slow coincidence between the T.A.C. output and 
3 

the Ko peak in the charged particles spectrum was required. In some 

cases, because of the excessive background, it was impossible to see 
3 

the He peak. So, a "window" was put around that neutron peak origin- 
3 

ating in the D(D,N)He reaction, A slow coincidence was then required 

between events in this "window" and events in the charged particles 

time -of ^flight spectrum, In this way the position of the peak due to 
3 

He particles was determined, 

A slow coincidence was theniequired between the neutron time of 
3 

flight spectrum, the He in the charged particle spectrum, and-the 

neutron portion of the P.S.D, system. The coincidence signal was used 

as a gate for the computer-analyser system, 

3 
(IT) The "start" signal came from any event in the He peak of the 

charged particle spectrum. The "stop" signalcame from the neutron 

counter. It was hoped that because of the good timing properties of 

the 5871 photomultiplier tube, used in the charged particles detection, 

the overall time resolution would be comparable to that obtained using 

the R.F. This method could be considered as requiring fast coincidence 
3 

between the He particles and the corresponding neutrons, while the 

former method required slow coincidence. The fast coincidence resolv¬ 

ing time TOS determined by the range of the T.A.C used, which was 

usually TOO nsec. 

It was hoped that fast coincidence, compared to slow coincidence, 

would decrease both the dead time and the background of the system, 
3 

This became more important for lower energies of He , corresponding to 

smaller lab angles of the outgoing neutrons and bigger values of cross 

section for the reaction. These particles gave pulses not bigger than 



FIGURE 8 

A block diagram of 

the electronics used for neutron 

time of flight measurements with 
3 

the associated He in 

the ’start* channel 
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those of the tube noise. 

The ”start" and "stop” signals were delayed using TRIOU triggers, 

in theway described above« A slow coincidence was required between 

the T.A.C. output and that part of the P.S.D. T.A.C. spectrum corres¬ 

ponding to neutrons. The coincidence signal was used to gate the 

computer-analyzer system. 

3 
It was found that the pulses corresponding to He particles at 

the desired angles were in the noise peak due to thermal noise of the 

phototube. Therefore, the method of pulse height analysis was not 

further pursued. 

The peak in the chargedparticle time of flight spectrum corres¬ 

ponding to zero flight time, described before, caused a major problem. 

It was suspected that the main cause for the peak was light emitted by 

the target. One method for eliminating this peak was the use of a 

lineargp.te in the “start” channel of the T.A.C. Another method tried 

was the evaporation of a thin aluminum layer on that side of the 

scintillator facing the target. A compromise had to be made between 

a very thin layer, in which the energy loss of the particles would not 

be very large, but which was partially transparent to light, and a 

thicker layer, opaque to light but in which the energy loss would be 
2 

prohibitive. The final choice was a layer 6$ V§/cm thick, which was 
3 

almost opaque to light and the energy loss of 600 KeV He in it was 

250 KeV. 



FIGURE 9 

A block diagram of 

the total electronic configuration 

used in the experiment 
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IV. THE THEORY OF PLASTIC SCINTILLATORS 

The energy lost by a charged particle passing through matter is 

transformed into ionisation and excitation energies which, in a scintil¬ 

lator, give rise to luminescence. In an organic scintillator this is 

a molecular property arising from the electronic structure of the 

molecule.. 

The electronic configuration ofthe ground state of the carbon atom 
2 2 2 

is IS 2S 2P . To explain the three different valencies of 1+, 3, and 2 

(21) 
of the carbon atom in chemical compounds, Coulson suggestedthat one 

of the 2S electrons can be considered to be excited into a 2P state, 

2 3 
giving the electronic configuration of IS 2S 2P . The one 2S and three 

2P electrons are considered to be "hybridized" in three alternative 

configurations, corresponding to the three different valencies. 

3 
In the SP hybridization, the four orbitals are equivalent and 

directed towards the corners of a regular tetrahedron. This is the . 

configuration in diamond, methane, etc. 
2 

The SP hybridization is obtained when two of the P electrons and 

the S electron are in three equivalent orbitals, lying in the same plane 

and inclined at 120 degrees to each other. These are the C electrons. 

The third of the P electrons lies in an orbital which is mirror 

symmetric about the plane of the electrons. This electron is the TT 
2 

electron. S? hybridization appears in ethylene, benzene, etc. 

In the thirdconfiguration, the SP hybridization, there are two <5* 

orbitals directed at 180 degrees to each other, and two Tf orbitals. 

It is the excited states of 17 electrons that give rise to lumin¬ 

escence. For polyacenes, like naphthalene, anthracene and naphtacene, 



22. 

the energy levels of the fT electrons can be calculated by the 
(22) 

perimeter free-electron model of Platt , In this model, the TT 

orbitals are treated as orbitals of free electrons travelling in a 

one-dimensional loop around the molecular perimeter, For a perimeter 

length 1, the 'ivave function ^ must satisfy the condition: 

Y'(*} * f (x-i-I) 

where X is measured along the perimeter. The corresponding solutions 

of the Schredinger equation, assuming a constant potential, are: 

% ** 

V (£)* j 

where q is an integer. 

The energy levels are: 

E 
q 

where h is Planck’s constant and m0 is the mass of the electron. 

The value of 1 is known, and the energy levels calculated are in 
(11) 

agreement with those found experimentally , 

The exact solution of the Schredinger equation is a many body 
(11) 

problem, and many analytic difficulties arise, Birks gives a 

diagram for the TT electron energy levels of an organic molecule. 

Superimposed on the singlet and triplet electron levels are vibrational 

sub-levels. Different types of transitions between the energy levels 

give rise to the different types of luminescence. There are three types 

of luminescence: 

2 2 
q h_ no*- 



FIGURE 10 

Energy levels of 

an organic scintillator, 

I is the ionization level. 
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(1) Fluorescence 

(2) Slow fluorescence or phosphorescence 

(3) Delayed fluorescence 

Fluorescence emission decays exponentially with tine, from an ini¬ 

tial intensity i to an intensity I : 

I « I0 exp C~L 

-9 -8 

T , the fluorescence decay time, is typically 10 -10 sec* 

Fluorescence corresponds to a radiative transition from the first excited 

singlet state, S , to the ground level, S , which is also a singlet 

1 0 
state . 

Phosphorescence is an emission at longer wave lengths than flucres- 

cence, which decays exponentially vdth a much longer decay time, of 10 

sec. to a few seconds. It corresponds to transitions from the first 

triplet state, T , to the ground state* T , as seen from the energy 

1 1 
level diagram, lies lower than S » The latter is populated by radiative 

1 
transitions from S , and decays in part by a non-radiative process to 

0 
T , Since T is the lowest triplet state, it is metastable, and hence 

1 1 
the relatively large decay time. 

Thermal excitation of a molecule in which T is populated may cause 

1 
a transition to S , vhich vd.ll then radiatively decay to S . This will 

1 0 
lead to delayed emission, with a spectrum identical to that of fluores¬ 

cence, but which decays non-exponentially and with a longer decay time. 

The scintillation response L is proportional to the particle energy 

E dissipated in the scintillator only for weakly ionizing particles, 

like fast electrons. In this case, the following relation holds: 



dL 
dr 

?4. 

ca s- 
dS 
dr 

where r is the range in the scintillator and S is the absolute 

scintillation efficiency. For heavily ionizing particles such as 

protons, alpha particles and slow electrons, L increases non¬ 

linear ly with E . It is also abserved that the scintillation 
(23) 

efficiency is reduced. Birks has proposed a semi-empirical relation 

to describe this behaviour, which is attributed to quenching of the 

primary excitation by the high density of ionized and excited molecules* 

S 
dE 
<3F 

dL 
dr 

ts 

where B ™ 
dr 

1 •£• KB-gj-. 

is the specific density of ionized and excited molecules 

along the particle track (B is a constant) and k is the quenching 

parameter. The agreement between this equation and experiment is satis* 

(11) 
factory, except in two respects t the response to low energy 

externally incident particles is less than that computed, and the value 

of kB appears to be greater for protons than for alpha particles. 

The first phenomenon is a surface effect, caused by the surface escape 
(2U) 

of the excitation energy. Birks has derived an expression far this 

effect. 

If the excitation originates at a point 0, then the probability 

for its travelling a distance a from 0 is exp(-a/aQ) , where a0 

is the mean free path of the exciton. If the distance of 0 from the 

surface of the scintillator is r , and if it is assuroad that all the 

excitons reaching the surface escape from the scintillator, then the 

probability of exciton capture within the crystal i3 given by* 



f d.% f exk (~a.U0) irfxdx - -iaL_!iL—J     ^ pii 

J iz.j ex/t (-a./*.) trrx/x 

a I - 1 ( I"/*, -> 1) ex/> (-1* A,) 

The scintillation response is then giventyi 

S ^ 
dL « jf “3?” 

^ ' “T7wT|| 
Values of aQ from 3 to 7 microns are obtained for different organic 

scintillators. A result of this is that very thin scintillators, a 

few microns thick, are less efficient than thicker ones for low energy 

particles, since they lose excitons from both surfaces. 



V. EXPERIMENTAL RESULTSAND CONCLUSIONS 

The different methods used were compared as to efficiency and 

as to peak-to-background ratio. The total number of counts in the 

neutron counter was used as a monitor. The ratio of the number of 

‘true* counts in the coincidence mode to the number of 'true* counts 

in that peak in the free neutron T.O»F, spectrum originating in the 
3 

D(D,N)He reaction, both obtained for the same number of counts in 

the monitor, was measured. In the coincidence mode, only events 
3 

falling within the limits of the D(D,N)He peak, defined by the 

peak in the free spectrum, were counted. In the free spectrum, 
13 lh 

background and counts due to the reaction C (D,N)N in the first 

and second excited states, which happened to fall in the same peak 
3 

of theD(D,N)He reaction, were subtracted. 

The ratio cbtained in this way was multiplied by a factor G, 

the solid angle ratio for associated particles in the laboratory 

system (Appendix A). The result was divided by the ratio of the 

solid angle of the charged particle detector to that of the neutron 

counter, to obtain the efficiency, 
o 

At deuteron energy of 8,5 MeV and neutron angle of 25 (lab,), 

an efficiency of 59o7 £ 5. was obtained for an uncoated scintil¬ 

lator, The use of a linear gate at the same conditions increased 

the efficiency to 76,7 / 6,k%, When a scintillator coated with a 
2 

65 l^/cm thick aluminum layer was used, efficiency of 91o0 £ 6,2% 

was obtained. 

The number of pulses coming out of the time to amplitude con¬ 

verter was found to be about 60,000per second at the conditions 



FIGURE 11 

Neutron time of flight spectrum 

atcbuteron beam energy of 8*5 MeV 

and laboratory angle of 23°* 
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FIGURE 11a 

Neutron time of flight spectrum 
gated by the He3 peak of the charged 
particle spectrum. (E£=8.5 MeV y Lab. 
angle is 23 degrees.) 
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above. Some 6C$ were in the peak due to light. The time-to- 

amplitude converter qycle for each pulse was 9jJ sec. so-that for 

about 32^of the time the T.A.C, was not able to accept any pulses 

3 
originating by He particles. This accounts for the difference 

in efficiencies of the ordinary scintillator and the one coated 

with aluminum* 

The use of a linear gate for the uncoated scintillator 

increasedthe efficiency but not as much as expected. This was due 

to the following effect: the output pulses of the zero-crossing 

discriminator had a finite width of 12 nsec. Any pulse which 

arrived at the gate less than 12 nsec, before the gate opened, 

was partially transmitted. Since the output of the zero-crossing 

discriminator is a standard, square wave pulse, all these partially 

transmitted pulses triggered the time to amplitude converter at 

the same time. This way, only part of the pulses due to light were 

suppressed, and the resultant dead time of the T.A.C. gave rise to 

the reduced efficiency. This effect can be minimized by minimizing 

the width of the pulse in the output of the zero-crossing discrim¬ 

inator, and by adjusting the delay in such a way that no pulses due 

to light would be evenpartially transmitted through the gate. 

The shape of the neutron beam in the horizontal plane was 
3 

determined. It was found possible to detect He particles with 

energies down to IjOOKeV, and obtain coincidence with the associated 

neutrons. 

3 
Time of flight spectra with a He particle in the ‘start* channel 

anda neutron in the ‘stop* channel were obtained. The time resolution 



FIGURE 12 

Neutronteam shape. 

Deuteron beam energy is 8*f? MeV 

the so],id state detector at 

1*9°(lab.). Horizontal plane. 
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3 
(F.W.H.M.) at He energies of 830 KeV was 5.75 £ 0.15 nsec, compared 

'with a time resolution of 3»0 nsec, when using the R.F. The main 

cause for the time spread was the spread of energies resulting from 
3 

energy loss in the target, of the He particles0 This energy spread 

caused a spread in flight time from the target to the detector, and 

this spread in time appeared in the neutron time of flight. Such a 
3 

spread would increase for lowerenergies of He . 

As a comparison, a silicon surface barrier detector (Appendix 
3 

B) was used for identification of the He particles. Those 'were put 
3 

in coincidence with the neutron time of flight spectrum. The He 
3 

peak was easily identified for He energies of more than 600 KeV, 

and in this case coincidence v/ith the neutron spectrum resulted in 

a very low background, much superior to that obtained with the 
3 

scintillation detector. For lower He energies the corresponding 

peak was spread out, into the detector noise, and as a result the 

background in the coincidence spectrum increased. Coincidence 
3 

spectra down to He energies of 300 KeV were obtained. 

To summarize: Both scintillation detector and a solid state 
3 

detector can be used. The latter gave superior results for He 

energies bigger than 600 KeV. It was found possible to utilize 

the high cross section for small forward angles of the outgoing 

neutrons. The available neutron energies are 8 — lit MeV, and the 
5 -1 -1. 

available fluxes are more than 10 n - ster. - sec, • The corres¬ 

ponding deuteron beam energies are 5-12 MeV. Thus, this method 

can be used to obtain monoenergetic neutron beams in an energy 

range which is hard to obtain by other means. 



APPENDIX A 

The Calculation of G 

G is the solid-angle ratio for associated particles in the 

laboratory system* In the diagram* ^ and O' are the laboratory 

and the center of mass angles for the light particle* while § 

and are the corresponding angles for the heavy particle. 

The number of particles going into a given element of solid 

angle must be the same in both the laboratory and center of mass 

systems. So* for a beam intensity I and cross section CT** the 

following relations hold; 

Fromthe diagram it can be seen that the sine law can be used to 

ZJrT tf(&) ZTTL tflf) %ln y cl f 

ZTfls ($) $ Inlj) cLj ~ £irT <?('%) JL'% 

So that; 

￼ 

eT (&j _ shi f JL 
&(f) " ScC( d& 

evaluate the derivatives: 



FIGURE 13 
A schematic diagram of the 
kinematics. 
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S CK (O*— }P) 

S<.» 
f 

V 

I 
both V and V are independent of O' 

3 
derivatives of'cot h sides we get: 

and ys , so, taking 

coj (€>- l/) -* l) Sen ^ —■ cos ^ sin f) 

» 0 
$t 

and, rearranging terms: 

cos s l*n (S'- j*) 
si up co$ 4 I 

making use of the relation: 

zos jtsln 4 un f cdS t&~f) ■» Sen ( nr $/?* <S> 

the following expression is obtained: 

sin O' 

SiTMf CO$t&~y') 



31 

In a similar way it can be shown that* 

cl f s in $ 
e£ i> stn^coiC^-'^) 

Using these relations in the expressions obtained before} vre get: 

-Cfel - cos {®~f) 
tr(p sin1 ^ 

&0), -Si-?** , cos ( & - fe?) 
6T(y S ^(p 

From these relations we get the desired value c£ G: 

0- - 
£isd 
<r C$) 

= &hy‘
tAco<,(9 ~f) 

~ Suz1 ^ cosif'ty 



APPENDIX B 

The Electronics Used with the S.S.D. 

A silicon surface barrier detector 8,7 thick wasused. 

The detector vras connected to acharge sensitive preamplifier 

(Tennelec model TC133)* The output pulse of the preamplifier 

was fed into a linear amplifier (Ortec model liUOA,), One output 

of this amplifier was. delayed and fed into the cosmic coincidence 

unit, the other output delayed and fed into the aialog to digital 

converter of the computer-analyzer system. Coincidence between 

the S.S.D. signal, the neutron time-of-f light T.A.C. signal and 

the P.S.D. T.A.C. was required. The coincidence signal vras 

used as a gate for the computer-analyzer system. 



FIGURE lU 

A block diagram of 

the electronics used with 

the solid state detector 
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