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CHAPTER 1 

1,1. Concerning a Proposal for the Formation of a Level 

near 2.8 MeV in B10 by the Be9(d,n)B10 Reaction. 

The B10 nucleus has been studied extensively, and its 

known properties have been summarized by Ajzenberg -Selove 

and Lauritsen (1955 and 1959)(1). Since then, further 

investigations of the B10 energy levels under 4 MeV have 

been made through the energy spectra of the particles 

emitted in the following reactions:- Li6(Li6,d)B10 

Li7(Li6,t)B10 (3), 

Beg(He3,d)B10 ( k5), 

Li7(a,n)B10 
9( d,n)B10, 

B10(Pp')B1Q(6) B10 )B10(6), 

a)B10 C12(d,a)B10 
(9). 

B1-(d,t)B10 (7), B4(He3, It 

is now well established that energy levels exist at 0.72, 

1,74, 2.15, and 3.58 MeV in B10, but many contradictory 

reports have been published concerning the possible 

existence of a level near 2.9 MeV. All of the evidence 

for such a level has been obtained from the Be9(d,n)B10 

reaction and therefore it is of interest to examine the 

evidence from this reaction more closely. 

1.2. The Neutrons from the Be9(d,n)B10 Reaction. 

The first investigations of the neutrons from the 

Be9(d,n)B10 reaction were made using cloud chambers. 

Bonner and Brubaker (l936)° ) , using 0.9 MeV deuterons, 

and Staub and Stephens (1939 ) 
(11) 

, using deuterons with 
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energies of 0.6 MeV and 0.88 MeV, found neutron groups 

corresponding to levels at 0.72, 2.2 and 3.6 MeV in B10. 

The existence of these levels was confirmed by the nuclear 

emulsion measurements of Powell (1913)(12), using 0.5 MeV 

deuterons, and of Whitehead and Mandeville (1950)(13), 

using 1.62 MeV deuterons. Ajzenberg (1951)(1), using 

nuclear emulsions and 3.4 MeV deuterons, found these levels 

together with a new level at 1.79 MeV. Later Pruit, 

Swartz and Hanna (1953)(5) confirmed the existence of all 

four levels using 0.95 MeV deuterons. These authors deter- 

mined the excitation energies in B10 as 0.7 0.11, 

1.77 
± 

0.10, 2.20 ± 0,10 and 3.67 
± 

0.09 MeV. 

Dyer and Bird (1953)(16), after investigating the 

neutrons emitted when 600 keV deuterons struck a thick 

Be 9 target, found the four known levels and submitted 

evidence for another level at 2.85 MeV in B10. They used 

nuclear emulsions to obtain the energy spectrum of the 

neutrons. Support for this additional level came from 

spectra obtained by Reid (1954)(17)ß using a neutron 

counter telescope and 750 keV deuterons, and by Genin 

(1958)(18), using nuclear emulsions and 570 keV deuterons 

However, Karadeniz (1956)( 9), also using nuclear emul- 

sions, found evidence for two levels in B10 at 2.7 and 

3.2 MeV from the energy spectra of the Be9(d,n)B1° 

neutrons produced by 600 keV deuterons. 

More recently, Hjalmar and Slätis (1960)(20), using 

7 MeV deuterons to bombard a Be 9 target, reported evident 



for a level near 3.1 MeV from their nuclear emulsion 

measurements. Also, Coombe and Walker (1962) 
(21) 

, after 

using a diffusion cloud chamber to investigate the neutrons 

from the reaction for 80 keV deuterons, interpreted their 

measurements as supporting the existence of a single level 

near 2.9 MeV in B1°, although they pointed out that their 

observations would be consistent with the existence of a 

pair of levels at 2.7 and 3.1 MeV. 

While the above experiments provide evidence for 

level structure near 2.9 MeV, other workers failed to 

observe such structure. The nuclear emulsion measurements 

made by Green, Scanlon and Wilmott (1955)(22), using 850 

keV deuterons, and by Shpetnyi (1957) (23) , using 0.5, 1.0 

and 1.6 MeV deuterons, did not support the existence of 

level structure at 2.9 MeV. 

Recently the Be9(d,n)B10 neutron energy spectrum has 

been investigated using time -of- flight techniques. The 

investigations made by Juna, Horvath and Konecny (1960) `4 

using 0.8 MeV deuterons, and by Garg, Gale and. Calvert 

(1962)(25 ) , using 2.8 MeV deuterons were inconclusive con- 

cerning the possible existence of a level near 2.85 MeV 

in B10 due to inadequate energy resolution in the region 

of interest. No mention was made of the 2.85 MeV level 

problem in either report. However, spectra with high 

energy resolution have been obtained by Morrison, Ferguson 

and Evans (1961)(26) for deuterons with energies of 2, 3 

and 4 MeV, by Riley, Braben and Neilson (1963) 
(27) 

, using 



1.9 MeV deuterons, and by Siemssen, Cosack and Felst 

(1965)(28) at various deuteron energies between 1.1 and 

3.2 MeV. No indication of the formation of a level near 

2.85 MeV in B10' was found in any of these experiments. 

Be9(d,n)B10 neutron energy spectra produced by 1,85 

MeV deuterons were published by Good (1960)(29) and by 

Neilson, Dawson and Johnson (1959) (30) to illustrate the 

performance of their time -of- flight spectrometers. In 

the spectrum obtained by Good, there is an unidentified 

peak which could be attributed to a level near 2.8 MeV in 

B10. However, this peak (of doubtful statistical signi- 

ficance) may be due to an instrumental effect, and there- 

fore no emphasis should be placed on this evidence. No 

indication of such a peak occurs in the spectrum of 

Neilson et al. 

1.3. The Y -rays Produced in the Be9(d,n)B10 Reaction. 

Simple measurements of the energies of the B10 

Y -rays fail to yield information about the existence (or 

non -existence) of a 2.85 MeV level. If such a level 

exists, the energies of the Y -rays emitted in its decay 

would be the same as those emitted in the decay of the 

four already well established levels at 0.72, 1.74, 2.15 

and 3.58 MeV. It is therefore necessary to search for 

evidence using Y -ray coincidence spectrometers. Shafroth 

and Hanna (1954)(31), using deuterons with energies less 

than 0.7 MeV, succeeded in determining the Y -ray 
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transitions which occur between the various established 

energy levels in B10 (Fig. 1). However, their results 

could also be interpreted in terms of a decay scheme with 

a level at 2.86 MeV, and thus their experiment was incon- 

A.usive regarding the existence of such a level. Another 

Y -ray coincidence experiment by Meyerhof and Chase (1958) (32) 

using 2.8 MeV deuterons was primarily concerned with the 

levels in B10 near 5 MeV, and could not provide conclusive 

evidence about a level near 2.86 MeV. 

Galloway and Sillitto (1961)(33) however, not only 

interpreted the results of their Y -ray coincidence experi- 

ments as providing evidence for a level at 2.86 MeV in B10 

but also deduced the branching ratio for the decay of this 

level; the 2.86 MeV level decays directly to the ground 

state and to the 0,72 MeV level with a branching ratio of 

about 10:1. These authors used 600 keV deuterons to 

populate the B10 levels. 

The relative intensities of the B10 Y -rays have been 

measured under similar experimental conditions by Bradford 

(1962)(34). He concluded that his measurements, taken in 

conjunction with the measurement of the branching ratio of 

the 2.15 MeV level by Sprenkel and Daughtry(35), provided 

evidence for a level at 2.86 MeV in B100 



-6- 

1.4. The Internal Conversion Electrons from the 

Beg( d,n)B10 Reaction. 

Warburton, Alburger and Wilkinson (1963)(39) have 

investigated the internal conversion electrons from B10 

using 2.0 and 2.7 MeV deuterons, but they do not mention 

the possible existence of a level near 2.86 MeV. However, 

as in the case of Meyerhof and Chase, Warburton et al, 

were primarily interested in the higher energy levels. 

1.5. A Discussion of the Evidence about the Possible 

Existence of a level near 2.86 MeV in B1°. 

The earlier neutron spectra have been examined 

critically in the recent papers of Hjalmar and Slätis 

(1960)( 
20) 

and Coombe and Walker (1962) (21) . Hjalmar and 

Slätis have suggested that there are indications of the 

formation of a weak 2.86 MeV level in B10 in the spectra 

of Bonner and Brubaker (1936) , Staub and Stephens (1939) , 

Powell (1943), Ajzenberg (1951) and Whitehead and Mande- 

ville (1950), Dyer and Bird (1953) had previously drawn 

attention to this evidence in the work of Staub and 

Stephens, and Powell. Coombe and'Nalker have been more 

cautious in their comments, but they point out that any 

neutron group corresponding to level structure near 2.86 

MeV in B10 could have been masked by fluctuations in the 

background or by poor energy resolution in most of the 

spectra previously published (1962). However, their own 



-7- 

spectra also suffer from relatively poor statistical 

accuracy due to the inefficient method of detecting 

neutrons in their experiment. These comments emphasize 

the inconclusive nature of the evidence about the 

postulated. 2.86 MeV level. 

Galloway and Sillitto (1961) (33) , after examining 

the previous work on B10, concluded that the 2.86 MeV 

level appears to be formed with appreciable intensity only 

in the Be9(d,n)B10 reaction for deuteron energies less 

than about 800 keV. Up to date, the only exception to 

this classification of the evidence is the observation 

of a level near 3.1 MeV in B10 for 7 MeV deuterons by 

Hjalmar and Slatis. The recent time -of- flight investi- 

gations, which do not reveal level structure near 2.86 

MeV, were all made with deuteron energies above i MeV. 

1.6. The B10 Y -ray Decay Scheme. 

The generally accepted decay scheme for B10 is that 

published by Ajzenberg -Selove and Lauritsen (1955, 1959 

and 1962) 
(1 

' 

2) 
(see Figure 1(a)). The Y -ray transition 

assignments are those determined by Shafroth and Hanna 

(1954)(31), and the branching ratios of the 2.15 and 3.58 

MeV levels appear to be estimated from the relative inten- 

sities of the B10 Y -rays measured by Ramussen, Hornyak and 

Lauritsen 1949)(36) ( , some assumption was made about the 

distribution of the 1.43 MeV Y -rays between the 

3.58 -'r 2.15 MeV and the 2.15 -i 0.72 MeV transitions. 
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Singh (1959)(37) and later Hornyak, Ludemann and 

Roush (1964)(38) have observed 1.84 MeV Y -rays in the B10 

spectrum. They interpreted this as evidence for tran- 
MeV 

sitions from the 3.58 to 1.74/levels, but this Y -ray has 

not been observed by other workers. 

Recently, Galloway and Sillitto (1961)(33) proposed 

a decay scheme which differs from the scheme of Ajzenberg 

et al. by the inclusion of the level at 2.86 MeV. This 

scheme is shown in Figure 1 (b). 

The branching ratios of the well established levels 

at 2.15 and 3.58 MeV have been measured by various workers 

and the published values are collected together in Table 1. 

The reactions by which the B10 levels were populated and 

the experimental techniques used are given in columns 3 

and 4 of the table. The measurements are easily compared 

by studying this table and therefore only a few comments 

are necessary. 

The value for the 3.58 : 2.86 branching ratio obtain- 

ed by Warburton, Alburger and Wilkinson (1963)(39) was 

determined using a magnetic pair spectrometer whose 

detection efficiency depended on the multipolarity of the 

transitions studied. The relative intensities of the 

3.58 0 and. the 3.58-> 0.72 MeV transitions given in 

Table 1 were obtained assuming both transitions to be of 

the M1 type. 

A Y -ray coincidence technique is unsuitable for the 

study of the 3.58 MeV level since there is only a weak 
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Y -ray feed to this level from the higher energy levels in 

B10. Therefore, it is difficult to measure the branching 

ratio of the 3.58 MeV level reliably because of the 

difficulty in selecting the Y -rays from its decay. More- 

over, the interpretation of measurements of the relative 

intensities of the Y -rays from the decay of the 3,58 MeV 

level depends on whether a level exists at 2.86 MeV or not. 

In deducing values for the branching ratio of the 3.58 Mel 

level in B10 the authors mentioned in Table 1, with the 

exception of Galloway and Sillitto, assumed that there is 

no level structure near 2.86 MeV, 

1.7 The Proposed Investigation. 

As most of the evidence for level structure near 

2.86 MeV has been obtained from neutron and Y -ray studies 

of the Be9(d,n)B10 reaction at low energies, it was 

decided to investigate the neutrons emitted from this 

reaction for 600 keV deuterons using a n -Y coincidence 

time -of- flight technique. This technique enables neutron 

spectra with high energy resolution and good statistical 

accuracy to be obtained. Also, if a neutron group associa- 

ted with the formation of a level near 2.86 MeV were to be 

observed, then an analysis of the energy spectrum of those 

Y -rays in coincidence with this group should yield infor- 

mation about the decay of the level. 

It was also decided to measure the branching ratio of 

the 3.58 MeV level in view of the discrepancies in the 

values obtained by earlier workers for this ratio. 
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CHAPTER 2 

THE BASIC EQUIPMENT FOR THE NEUTRON TIME-OF-FLIGHT 

SPECTROMETER 

2.1. An Outline of the n-Y Time -of- Flight Technique. 

The time T (nsecs) taken by a neutron of energy E 

(MeV) to travel a distance D (m) is .T = 72'3D The 

angular distributions of the flight times per metre 

flight path (D - 1) of the Be9(d,n)B10 neutron groups for 

various deuteron energies may be calculated from the 

reaction kinematics (Appendix I). Such angular distri- 

butions for the neutrons associated with the 0.72, 1,74 

2.15, 3.58 and the proposed 2.86 MeV levels in B1° pro- 

duced by 600 key deuterons are shown in Fig. 2. 

Before considering the n -Y coincidence spectrometer 

in detail, it is, perhaps, helpful to outline the opera- 

tion of the spectrometer. The measurement of the flight - 

time of a neutron emitted in the Be9(d,nY)B10 reaction 

requires the determination of (i) the precise instant at 

which the neutron is emitted from the target (i.e. the 

instant at which the reaction occurs) and (2) the instant 

at which the neutron arrives at the end of its flight path. 

The instant of emission of a neutron was determined by 

detecting an associated B10 Y -ray in a scintillation 

counter placed very close to the target and the arrival of 

the neutron at the end of its flight path was determined 
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by detecting the neutron in another scintillation counter. 

Timing pulses from the two scintillation counters were fedi 

to the inputs of a time -to- pulse- height converter which 

produced an output pulse whose amplitude was proportional 

to the time interval between the arrivals of the input 

pulses. The output pulses from the converter were then 

displayed by a multichannel pulse height analyser to give 

a time -of- flight spectrum of the neutrons. 

The equipment required to set up a time -of- flight 

spectrometer may be considered in three parts, the 

scintillation counters, the time -to- pulse- height converter 

and the pulse height analyser. The scintillation counters 

used in the early stages of the research project are des- 

cribed in section 2.2. The description of the time -to- 

pulse- height converter is delayed until section 2.4 since 

the investigation of its performance requires the use of 

the pulse height analysis equipment. During the earlier 

stages of this project it was convenient to store the 

pulse height data on magnetic tape and then to analyse it 

later using the Department's Sunvic multichannel pulse 

height analyser. The development of this facility is des- 

cribed in section 2.3. Later, a Laben 512 channel pulse 

height analyser was obtained for use with the H.T. set 

and the final results were obtained using this analyser, 

The performance of the simple time -of- flight spectrometer 

outlined above was improved by using a "fast -slow* 



-12 

coincidence technique which is described in the final 

section of this chapter, 2.5. 

2.2. The Y -ray and Neutron Scintillation Counters. 

The Y -ray and neutron scintillation counters used in 

time -of- flight spectrometry should obviously be capable 

of producing sharply rising pulses with precise timing of 

the interactions between the radiations and the scintil- 

lators. Also the scintillators should have high detection 

efficiencies for their respective radiations with, how- 

ever, low sensitivities to background radiations. 

The Y -ray scintillation counter 

The Y -ray detector used in the early stages of this 

research project consisted of a NaI(TZ) crystal, 14" 

diameter by 1" long, mounted directly to the cathode of 

a photomultiplier, E.M.I. type 6262B. Silicone grease was 

used to ensure a good optical contact between the crystal 

and photocathode. The resistor dynode chain, mounted on 

paxolin wafers, was attached to the base of the photo - 

multiplier, and the whole assembly was enclosed in a 

light -tight container. The detector had already been used 

in a "fast -slow" coincidence experiment and it is des- 

cribed elsewhere(41), but for completeness the details of 

the construction of the container and the circuit diagram 

f the carbon resistor chain are given in Figs, 3 and 4(a), 

respectively. 



L 

0a
cc

 
a 
- 

z 
V

 
--

 

P 
E

 0
 ̀i

 0
1 

U
 L

 T
 ! 

PL
IE

R
 

E
aO

N
 I

'i 
E

. 
R

IN
G

S 
B

R
A

SS
 

C
O

N
T

A
IN

E
R

 

FI
G

>
, 
i. 

T
H

E
 

V
kA

y 
SC

1I
; i 

II
.L

A
 f t

O
N

 
D

E
T

E
C

T
 O

R
 



-13- 

The distribution of the interdynode voltages was 

such that the amplitudes of the pulses at the 9th dynode 

were proportional to the energies deposited by the Y -rays 

in the NaI(T '&) crystal; the output at the 9th dynode is 

known as the "linear" output. Also the later stages of 

the tube were operated with a high gain so that the 

sharply rising edges of most of the pulses at the anode 

were caused by the first few photoelectrons emitted from 

the cathode after the detection of a Y -ray. Current 

saturation of the photomultiplier may occur, but this is 

of no consequence. The pulses at the anode were fed to 

the timing circuit, the instant at which a Y -ray was 

detected being determined by the leading edge of the 

pulse. 

The scintillation counter was usually operated with 

an overall voltage of about 1.5 kV and a standing current 

of about 0.75 mA in the dynode chain. The power supply 

used was ther anI .D.h. type 532/B or a N.E. 5302 E.H.T. 

unit. A fuller description of the properties of this 

scintillation counter is given in Chapter 4. 

The neutron scintillation counter. 

The neutrons were detected in a cell of liquid 

scintillator type NE 213, chosen because it exhibits pulse 

shape discrimination between neutrons and Y -rays. The 

cell, 5" diameter by 12" long, was coupled to the photo- 

cathode of an E.M.T. type 6262B photomultiplier by a 
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conical light guide 1* thick using siliconegrease to 

ensure good optical joints. The circuit diagram of the 

carbon resistor dynode chain and a drawing of the light - 

tight container used to cover the cell and photomultiplier 

are shown in Figs 4(b) and 5 respectively. 

As the anode and 14th dynode of the tube were re- 

quired for pulse shape discrimination purposes (described 

in section 3.3), the leading edges of the pulses at the 

13th dynode were used to denote the instants at which 

neutrons or Y -rays were detected in the scintillator. 

Provision was also made for a "linear" output to be taken 

from the 9th dynode. 

The standing current in the dynode chain was 0.7 mA 

for an E.H.T. voltage of 1.6 kV. 

2.3. The Pulse Height Analysis Equipment. 

The pulse height analysis facilities available du rin: 

the early part of this project were the occasional use of 

a Sunvic (Mk. I) multichannel pulse height analyser and 

the use of a Marshall twin channel pulse recorder, type 

203. The pulse recorder stores the pulse height data by 

magnetising lengths of magnetic tape proportional to the 

amplitudes of the input pulses. The pulse height 

resolution of a spectrum on playback is spoilt slightly 

by the variations in the tape speed which occur during the 

recording and the playback, and also by local stretching 

of the tape. The manufacturers quote a spoiling of pulse 

height resolution of about 1 - 2%. 
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However, despite the slight spoiling of resolution it 

was decided to record pulse height spectra and then to 

analyse the recorded data whenever the pulse height 

analyser was available. 

Unfortunately the pulse recorder was found to be 

incompatible with the electronic equipment used in the 

laboratory, and it was necessary to build a shaping cir- 

cuit to link the recorder to the existing amplifiers, 

A.E,R.E. type 1008, so that pulse height distributions 

from these amplifiers could be recorded. The specifica- 

tions of typical pulses from an amplifier and the input 

pulses required for the recorder are compared in Table 2. 

Marshall recorder 
type 203 input 
pulse specifica- 
tion 

Amplifier ASRE 
type 1008 out- 
put pulse 
specification 

Polarity of pulses 

Amplitude range of 
pulses 

Rise time of pulses 

-ve 

150 mV - 15V 

1.5 - 511sec 

+ve 

0 - 60 V 

K µsec. 

Table 2. Pulse Specifications. 

The pulse shaping circuit. 

A circuit was designed which accepted pulses from an 

amplifier and shaped them to give negative pulses between 

0 and 15 volts in amplitude with rise times of about 
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2 µsecs and durations of 4-5 µsec. The circuit diagram 

is shown in Figure 6. 

Pulses between 0 and 60 volts in amplitude at the 

input are attenuated by the resistor chain R before 

passing through the cathode follower based on the double 

triode V1 (E8800), the attenuation being chosen so that 

the range of pulse amplitudes at "A" is 0 to 25 volts. 

The pulses are then lengthened at the grid of the valve 

V3 (M 8100) which is a linear amplifier with a gain of 

about 0.75. In the quiescent state the fast pentode V2 

(E180F) is non -conducting, so that pulses from the cathod= 

follower charge the capacitance Cl and the grid of V3 

through the low forward resistance of the 0A10 diode, Dl. 

After Cl is charged, it can only discharge through R2, 

R3 and the back resistances of diodes Dl and D2 with a 

time constant of a few msec. Thus the potential change 

at the grid of V3 is negligible for times of the order of 

a few µsecs, and a negative voltage step with a rise time 

of about 2 µsec is produced at "B ". This negative voltag 

step is applied to the grid of a sharp cut -off pentode V4. 

(E180F), which is normally conducting, thus switching off 

the anode current and producing a positive voltage step 

at "F ". After passing through a 4 sec delay line the 

positive voltage step causes the valve V2 to conduct, 

thereby discharging in about 1 µsec the capacitance Cl and 

any stray capacitance at this point in the circuit. The 
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discharge of Cl causes the voltage at the anode of V3 

to return to its quiescent value, thus a negative pulse 

is produced at "B ". This pulse, which has a rise time of 

about 2 µsec and a duration of 4 -5 µsec, is fed to the 

output by a simple cathode follower V5 (E880C). The 

rise time of the pulse is determined by the time constant 

of the anode circuit of V3. 

The operating conditions of the valves V1, V3 and V5 

and the diode Dl were chosen so that the circuit has a 

linear response. The diode D2 was incorporated to clamp 

the grid of V3 at earth potential during the rapid dis- 

charge of Cl. The grid bias of the discharging valve 

V2 was adjusted by the potentiometer VR1 during the 

setting up of the circuit so that the valve, which has 

a sharp cut -off potential, was just failing to conduct. 

An International Electronics 100 mA power supply 

type DSM1 was used to supply the 150 volt H.T. line, while 

the 30 volt negative line was provided by an APT Electronic 

Industries power unit type TSU 500. The 4 -5 volt bias 

required for the discharging stage was obtained by full 

wave rectification of a 6.3 volt a.c. heater supply. The 

twin channel pulse recorder and the pulse shaping circuits 

for the two channels are shown in the photograph in Fig. 7. 

The performance of the pulse height recording system. 

The operation of the complete recording system was 

checked by simultaneously recording and analysing the same 



TYLM [HAMMEL 
PULSE RECORDER 

TYPE 203 

FIGURE 7 : The Pulse Shaping Circuits and the 

Marshall Twin Channel Pulse Recorder. 
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pulse height spectrum from an amplifier and then compar- 

ing the "direct" spectrum with the spectrum obtained when j 

the recorded one was replayed into the multichannel pulse 

height analyser. A block diagram of the apparatus used 

in this test is shown in Fig, 8. 

Test pulses from a Solatron pulse generator, type 

GO 1005, were attenuated and fed through an AERE type 1008 

Amplifier. The pulses at the output of the amplifier were 

,then fed simultaneously to the pulse recorder by way of 

the shaping circuit and to the multichannel pulse height 

!analyser. As the analyser was situated about 150 yards 

from the H.T. Laboratory, a method devised by Galloway (41) 

for sending pulses without distortion along a coaxial 

,cable to the analyser was used. The positive pulses from 

amplifier I were first attenuated by a 2.2 Kn, resistor 

in series with the 69R cable, and then passed through the 

,cable to a cathode follower and amplifier. The pulses 

from amplifier II (type 1008) were then presented at the 

¡input of the multichannel analyser. A similar arrangement 

was used to send the negative pulses from the pulse recorder 

to the analyser during the playback of the tape, the 

amplifier being adjusted to accept pulses of the opposite 

polarity in this case (Fig. 8, b). 

Test pulses, 0.8 sec long and of various amplitudes, 

were analysed and recorded simultaneously using a tape 

speed of 15" per sec., and a pulse repetition rate of 

103 pulses per second. A graph of the channel numbers of the 

p`èaks. in, the "recorded" spectrum against the channel numbers of 
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the corresponding peaks in the direct spectrum was plotted 

in Fig. 9. The output pulses from the tape recorder are 

superimposed on a pedestal of about 1.5 volts and thus 

the graph, which is linear over most of the range, does 

not pass through the origin. 

A similar test was made using a pulse height spectrum 

from the scintillation detector instead of the pulse 

generator. The detector was operated with an EHT voltage 

of 1.4 KV and pulses at the 9th dynode due to the detec- 

tion of Co w Y -rays in the NaI crystal were passed through 

the amplifier I as shown in Figure 8(a). The pulse height 

spectrum from the amplifier was simultaneously recorded 

and analysed as described above. The "direct" spectrum 

(Fig. 10) and the "recorded" spectrum (Fig. 11) were 

obtained in 15 mins., the tape speed being 15" per sec. 

during the recording and the playback. The effect of 

the pedestal on the output pulses of the recorder can be 

seen in the first 10 channels of Figure 11. 

An alternative and equally satisfactory system for 

playing back recorded spectra when the recorder is placed 

close to the multichannel analyser is shown schematically 

in Fig. 8(c). The negative pulses between 0 and 12 volts 

from the recorder are passed through the primary coil of 

pulse transformer with a step -up ratio of 1:3. The 

positive pulses between 0 and about 35 volts appearing 

across the secondary coil of the transformer are then fed 

to the analyser. This method enables amplifier II to be 

used for other purposes. 
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2L.. The Time-ter-Pulse-Height Converter 

A time -to- pulse- height converter was built according 

to the design published by Garg (1959 -60)(42). The con- 

verter has four stages, namely two identical input shaping 

circuits, a mixing stage employing a gated beam valve 

type 6BN6, and a cathode follower output stage. The 

converter (Figure 12) operates as follows. 

The sharp cut -off pentode V1 (or V3), which is 

normally conducting, has a shorted delay line with a 

characteristic impedance of 330_13- as an anode load. A 

negative sharply rising pulse, exceeding about 1.5 volts 

at the input, drives the E18OF valve into its non -conduct 

ing state, thus producing a 2.5 volt positive pulse at th 

anode of duration determined by the delay line. If the 

transit time of a pulse along the delay line in one direc- 

tion is T, then the duration of the 2.5 volt pulse is 2T,1 

provided of course that the input pulse exceeds 1.5 volts i 

for a time longer than 2T. The delay line is matched at 

the anode end by a 330.8 resistor to avoid reflections of 
1 

the pulse, and a fast crystal diode eliminates negative 

overshoots. The 330-11 delay line was formed by a 35" 

length of BICC cable type ype T 3238 corresponding to 

T = 50 nsecs. 

The voltages applied to the electrodes of the 6EN6 

valve are indicated in the circuit diagram. Under these 

conditions the valve does not conduct unless the potentials 
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of the grids gi and g3 are both made positive. Moreover 

Green and Bell (1958)(3) have shown that positive 

potentials of about 1 volt applied to these grids are 

sufficient to cause saturation of the anode current. 

Suppose a + 2.5 volt pulse, 2T nsec long, from the 

"input 1" shaping circuit is applied to grid gl, and 

after a time t nsec a similar pulse from the "input 2" 

shaping circuit is applied to grid g3, then a constant 

current I will flow through the 6 BN6 valve during the 

time of overlap, (2T - t)nsec, of the two pulses. The 

time constant of the anode circuit formed by the 100 KSL 

anode load and its stray capacitance, c (of the order of 

a few pF), is about 10 times larger than the maximum time 

of overlap of the pulses, and therefore the current I 

charges the capacitance c linearly. The amplitude of the 

pulse formed at the anode is V = I(2T t) 
i.e. V 

is linearly dependent on the time interval t between the 

arrivals of the pulses at the inputs to the converter. 

This pulse is fed to the output of the converter by the 

cathode follower V4, E8800. 

The 150 volt H.T. line was supplied by an Inter- 

national Electronics power supply type DSM2, while the 

low current 300 volt supply, required for biases, was 

obtained from the spare power output of an AERE type 1008 

amplifier. This amplifier was also used to amplify the 

0 - 0.75 volt negative output pulses from the time -to- 

pulse- height converter before they reached the pulse 

¡height analyser or pulse recorder. The well stabilized 



FIGURE 13 : The Time-to-pulse-Height Converter. 
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1.5 and 1.0 volt grid biases for the 6BN6 valve were 

produced by full -wave rectification and smoothing of a 

6.3 volt a.c. heater supply as shown in the circuit 

diagram (Fig. 12). 

The circuit was found to be very sensitive to inter - 

stage pickup and therefore all connections were short and 

screened where possible, 

There is an error in the circuit diagram published 

by Garg(42); the GEX 71, or equivalent, diodes are shown 

with the wrong polarity. This mistake is rectified in a 

later paper(44)in which a similar circuit is described, 

Figure 13 is a photograph of the time -to- pulse- height 

converter unit. 

The performance of the time -to- pulse- height converter 

A pulse generator, AERE type 1147B, supplied negativ 

volt pulses with rise times of about 3ns and durations 

f i µsec which were fed to the inputs of the time -to- 

,'pulse- height converter. The pulses to "input 2" were 

delayed by time intervals between -100 ns and +100 ns 

relative to the pulses to "input 1" by inserting appro- 

priate lengths of 330a, delay cable between the generator 

and converter. (A negative time delaycorresponds to the 

arrival of the pulse at "input 2" before that at "input l'1). 

Pulses at the output of the time -to- pulse- height converter 

after amplification were displayed by the Sunvic (Mk I) 

multichannel pulse height analyser, Figure 14. The graph 
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f the channel numbers of the delayed coincidence peaks 

against the time intervals between the input pulses is 

shown in Fig. 15. 

From a casual consideration of the symmetry of the 

converter circuit, it might be expected that the graph 

should be symmetrical about the "zero time interval" axis. 

However the transit time for electrons between grids gl 

and g3 of the 6BN6 value is about 5ns and this causes the 

displacement of the symmetry axis by a similar amount. 

If the n-Y coincidence spectrometer is set up with th 

Y -ray detector connected to 'input l' and the neutron 

detector connected to "input 2" of the time -to- pulse -heigh 

converter, then since the Y -ray timing pulse always arrives 

at "input 1* before the timing pulse of the associated 

neutron arrives at "input 2', the neutron flight -times 

correspond to positive time intervals only. Therefore 

there is a 1 -1 correspondence between flight -times and 

channel numbers. 

It was found that for delays longer than 100 ns be- 

tween the input pulses, a small output pulse occurred due 

to feed through between the third grid and the anode of th 

6BN6 valve. In Fig. 15 these pulses were recorded in 

channel 9, but usually such pulses were eliminated from the 

spectrum by using the subtractor at the input to the multi- 

channel pulse height analyser. 

The gain of the amplifier following the converter 

was increased until the coincidence peaks were displayed 
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with 1 channel width corresponding to 0.5 ns approximately. 

The peaks were registered in one channel, indicating that 

the time resolution of the converter was better than 0.5ns,. 

The pulse repetition rate was altered from 1 Kc /sec to 

10 Kc /sec. without changing the time resolution. 

2.5. The Basic Time -of- Flight Spectrometer 

Having established that the performance of the time - 

to- pulse- height converter was satisfactory using a pulse 

generator, the performance of the converter was then in- 

vestigated using the scintillation detectors. In order to 

operate the converter properly the input pulses must exceed 

about 1.5 volts for longer than 100 nsec. Small pulses 

from the scintillation detectors did not satisfy this con -' 

dition, and therefore a "fast -slow" coincidence system, 

Figure 16, was set up enabling unreliable pulses from the 

converter to be rejected. 

The performance of the spectrometer was investigated 

by detecting the annihilation Y -rays, which are emitted 

in coincidence at an angle of 180° to each other, from 

0.2 mC Na22 source placed mid -way between the two detectors. 

The separation of the detectors was about 95 ems. 

Negative sharply rising pulses from the Y -ray 

scintillation detector were fed through a cathode follower 

and an AERE type 2002A amplifier to the input of the time - 

to- pulse -height converter. The positive pulses from the 

neutron detector were passed through a cathode follower 
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and then inverted by one stage of a 2002A amplifier. The 

negative pulses at the output of this stage were fed 

through a complete 2002A unit and a known length of 330.1 

delay cable to the converter. The circuit diagram of the 

cathode followers used for the fast pulses is shown in 

Figure 17. 

The "linear" pulses from the Y -ray scintillation 

counter were fed by a cathode follower and amplifier, 

AERE type 1430A, to the discriminator of channel i of a 

coincidence unit, while the "linear" pulses from the 

neutron detector, after amplification by an AERE type 

1008B amplifier, were fed to the discriminator of channel 

2. The resolving time of the coincidence unit, AERE 

type 10360, was set at 2 µsec. If pulses from the two 

detectors arrived within this resolving time and were 

large enough to exceed the discriminator bias levels, then 

a signal was sent to trigger the gate unit. The gate was 

constructed and tested by Galloway (1959)(41). A delay 

of 2 µsec. was inserted between the converter and gate, 

so that the gate was fully open when pulses from the con- 

verter passed through to the multichannel pulse height 

analyser. Alternatively, the gate could be held permanent- 

ly open by an internal bias so that all pulses from the 

converter reached the multichannel analyser. 

Delayed coincidence peaks were displayed by the multi- 

channel analyser and, as expected, the time resolution was :: 

found to vary with the discriminator bias levels in the 
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slow channels. Typical coincidence peaks, obtained in 

1 min., are shown in Figure 18. The time resolution of 

the spectrometer with the gate held permanently open was 

about lOns. When the bias level in each channel was set 

to reject pulses corresponding to Y -rays with energies 

less than about 200 keV, the time resolution LT, was Ens. 

We shall discuss the factors which effect the width of the 

coincidence peaks' -in .sec.tion 3.4. 

Similar results were obtained when the pulse recorder 

was used. As the recorder had a "gated" input, the 

trigger pulses from the coincidence unit were fed through 

a 3:1 step down pulse transformer to the appropriate 

input of the recorder. (The transformer was required to 

shape and invert the pulses for the trigger input.) The 

pulses from the time -to- pulse- height converter, after 

being delayed by 2 µsec, as before, passed through the 

shaping circuit to the "gated" input of the recorder. The 

linearity of the spectrometer and the resolution of the 

delayed coincidence peaks were the same in the "recorded" 

and " direct' spectra. 

The time range of the time -to- pulse- height converter 

The time interval between the neutron groups assoc- 

iated with levels at 2.15 and 2.86 MeV in B1° is about 

Ins for a 1 metre flight path (Figure 2), and therefore a 

2 metre flight path would be required to resolve these 

groups adequately. Unfortunately the flight time of the 

slowest neutron group would then be about 135ns, which 
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lies outside the time range of the converter. Therefore, 

the range of the converter was increased by using longer 

delay lines, corresponding to T = 8Ons, in the shaping 

circuits of the converter. A typical time calibration 

curve, Figure 19, obtained by recording the delayed 

coincidence peaks using the Na 
22 

source, shows that the 

converter is linear over the 150 ns range. The time 

resolution of the peaks was unchanged, being 6ns with the 

slow discriminator thresholds at 200 keV approximately. 



4- - 

t401.1.V
`<

.1.011n 
Lt ,,1 

A
 

`;", 
i-C

;! 
*111!, 

n 
.1.. 

.11 
'4) 1:1 

091 

V
isP 

goo 
IM

. 

s 
1 

t 
08 

047 
o tre 

0c) 



-29- 

CHAPTER 3 

THE NEUTRON TIME -OF- FLIGHT SPECTROMETER 

The basic time -of- flight spectrometer was set up 

around a Beg target, (the target and target holder are 

described in section 3.1) and the Be9(d,ny)B10 neutron 

energy spectrum was observed. A description of this set 

up is given in section 3.2 and a typical spectrum is 

presented. The backgrounds in time -of- flight spectra 

were reduced, using a pulse shape discrimination tech- 

nique to reject events due to the detection of y-rays in 

the neutron detector. A further reduction in background 

was obtained by placing the neutron detector inside a wax 

shield. We deal with these background problems in section 
l 

3.3. The energy resolution of the Be9(d,ny)B10 neutron 

spectrum is discussed in section 3.4 and the improvements 

obtained by increasing the flight path and decreasing 

the instrumental time resolution are illustrated. 

3.1. The Target Holder and Target 

A target holder was designed so that the y-ray 

detector could be placed close to the target enabling 

y -rays from the target to be detected with high efficiency 

The target holder, Fig. 20, is essentially a "Duralloy" 

tube 1" external diameter fitted to one of the beam -- -tubes 

of the accelerator as shown in Fig. 21. The base is 

1" insulated from the rest of the holder by a quartz tube 1u 



DORALLOY TV3E 
L. \ )eTH 1CK WALL. 

Ttia TARGET HOLDER. 

r, 
4-1 .) 
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FIGURE 21 : A Photograph Showing the Target Holder 

Connected to the Beam Tube of the Accelerator. 
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long so that the beam current striking the target can be 

measured. The "Duralloy" base and quartz tube are held 

in position by atmospheric pressure, neoprene gaskets 

smeared with silicon grease being used to ensure vacuum 

tight joints. The beam -tube and target holder can be 

isolated from the main vacuum system of the accelerator 

by a valve fitted between the beam. tube and the 

analysing magnet, Fig. 21. Targets can be changed easily 

since air can be admitted to the target holder and pumped 

out again without affecting the main vacuum system. 

The accelerated ion beam after being deflected 

through 30° by the field of the analysing magnet passed 

along the beam -tube to the target. When beam currents 

greater than 0.5 µA were used, cold air was blown onto 

the target holder to prevent overheating of the target. 

The target was a thin film of Be 9 which had been evapora- 

ted onto a brass disc thick. As the film was just 

optically transparent, its thickness was estimated to be 
o 

less than 500A. This corresponds to a surface density of 

less than 0.01 mg. /cm.2. 

3.2. Be9(d,n)B10 1 eútron Time -of- flight Spectra Using 

the Basic Spectrometer. 

The basic time -of- flight spectrometer, Fig. 16, which 

had been tested using a Na22 source was set up around the 

Be 9 target. The y -ray detector was placed with the front 

face of the NaI(Tt) crystal about 2 cm. from the centre of 
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the target and at an angle of 90° to the deuteron beam 

direction, Fig. 21. The neutron detector was mounted 

with the NE213 scintillation cell at 1.3 metres from the 

target. The flight path was chosen for convenience in 

the horizontal plane through the target and it was 

arranged that the neutrons were observed at 60° to the 

beam direction. 

Time -of- flight spectra of the Be9(d,ny)B10 neutrons 

for 600 keV deuterons were recorded at various deuteron 

beam currents. The reaction -rate was monitored by measur- 

ing the y -ray counting rate using an A.E.R.E. type 1009 

scaler with a 5 volt threshold bias. During each run the 

y -ray counting rate was kept constant by adjusting, if 

necessary, the controls of the H.T. set. It was observed 

that for beam currents of the order of 4 µA the background 

in the spectra due to accidental coincidences obliterated 

the details of the true time -of- flight spectra. However, 

it was found by a series of trials that spectra with 

acceptable background levels could be obtained in reason- 

ably short times using beam currents of about 0.2 LA. 

A typical time -of- flight spectrum obtained in 4 hours 

with a deuteron current of ti 0.1 µA is shown in Figure 

27(a). The spectrum is displayed with a channel width 

corresponding to about 1.75 ns. . The y -ray timing pulses 

were delayed by 2Ons at the input of the time-to- pulse- 

height converter in order to displace the prompt y -ray 
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coincidence peak from the non -linear region of operation 

of the time -to- pulse- height converter; the non -linearity 

would affect the width of the prompt peak. The prominent 

peaks in the spectrum, Figure 27(a) are identified as the 

prompt y -ray coincidence peak and the neutron groups 

associated with the formation of the well known excited 

states in B10 at 0.72, 1.74, 2.15 and 3.58 MeV. The 

neutron groups associated with the 1.74 and 2.15 MeV 

levels are not resolved in the spectrum due to poor 

energy resolution. The intensity of the "3.58 MeV" 

neutron group was found to depend strongly on the setting 

of the threshold bias in the neutron "linear" channel, 

The presence of the prompt y -ray coincidence peak 

indicated that the neutron counter was sensitive to large 

numbers of y -rays which could contribute to the rather 

high random background in the spectrum. It was decided 

therefore to use the pulse shape discrimination technique 

of Owen (1959)(45) to reduce the background due to the 

detection of y -rays in the neutron counter. 

3.3. The Reduction of Back round in Time- of -fli ht Sect 

Pulse shape discrimination between y -rays and neutrons 

It has been observed by Owen (1959)(5) that after 

certain phosphors have been excited by y -rays, neutrons 

or charged particles, the intensity of the light emitted 

by the phosphor decays with "fast" and "slow" components 

having mean values for the decay time constants of about 
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3 nsec and < 100 nsec respectively. Also the relative 

intensities of the two components have been found to 

depend on the type of particle which interacts with the 

phosphor. The liquid scintillator type NE 213 was chosen 

as the scintillator for the neutron detector because the 

ratio of the intensity of the slow component to that of 

the fast component is larger for neutrons than for y -rays. 

The enhancement of the difference in shape of the current 

pulses through the photomultiplier resulting from the 

detection of y -rays and neutrons is achieved by current 

saturation effects between the last dynode and the anode 

of the 6262B photomultiplier. 

The anode is biased only a few volts positive 

relative to the 14th dynode, Figure 22, using a Farnell 

12 volt power unit type T.B.O., so that the current 

between the dynode and the anode is easily saturated. 

During most of the early portion of any pulse the electro 

current arriving at the 14th dynode exceeds the saturated 

current leaving and therefore the potential of the dynode 

is driven negative by the accumulation of electrons. As 

the current pulse decays a time is reached when the 

current arriving equals the current leaving the dynode; 

the maximum value of the negative potential occurs at thi 

instant. Later the electron current leaving the dynode 

becomes greater than that arriving due to the secondary 

emission process and the negatively charged dynode is 

first discharged and then charged positively. The ratio 

of the "fast" to "slow" components of the pulses is such 
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that the potential of the dynode is driven only sli JU tly 

positive for y -rays and strongly positive for neutrons. 

Moreover it has been found by Batchelor, Gilboy, Purnell 

and Towle (1960) (46) that the positive parts of the 

pulses due to y -rays occur later in time than those due 

to neutrons, Fig. 23. 

The pulses at t 

amplifier (A.F. IV 

16 e 1k dynode ere fed through an 

.F. 1008) with its . ifferentiation and 

integration ti constants set at 800 µsec and 0.8 tsec 

respectively to the ,liscriminator in channel 3 of a 

triple coincidence unit (A.F.F.F. 1036C). The cathode 

follower normally used with this amplifier as modified 

by the inclusion of an 010 diode, Fi!. 22; this dio . e 

limited the size of the negative portion of the pulse to 

prevent overloading of following amplifier. 

The operation of the system was investigated y 

applying the positive Tt en's pulses and the "linear" 

pulses from the 9 
t 

dynode of the photomultiplier simul- 

taneously to the y- and x- plates of an oscilloscope res- 

pectively. The brightness of the trace on the screen of 

the oscilloscope was controlled by the output pulses from 

the coincidence unit. The experimental arrangement is 

shown in Fig. 2. 

The gain of the amplifier for the "linear" pulses 

was chosen to give pulses of a suitable amplitude for the 

discriminator, and as a result these pulses had to be 

attenuated by a lOOK R resistor at the input of the 
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Solatron oscilloscope type CD643$ to avoid overloading it 

x- amplifier. A pulse suitable for operating the trace 

brightening circuit of the oscilloscope was obtained from 

a Solatron pulse generator type G01005 when triggered 

externally by the output of the coincidence unit. Every - 

time an "Owen" pulse and a "linear" pulse arrived within 

the resolving time of the unit, the trace of the 

oscilloscope was brightened for about 0.2 µsec. 

A 6 mC Po - Be source was placed centrally about 

1 cm. from the NE 213 scintillation cell, and the result- 

ing display on the screen of the oscilloscope photographed 

using Ilford recording film type 5G91 with an exposure 

time of about 30 mins. Photographs obtained with an 

anode bias of about 11 volts and with resolving times of 

4, 2, 1 and 0.5 µsec. are shown in Figure 25. 

When the resolving time is set at 4 µsec. two traces 

can be seen, the upper trace due to neutrons and the 

lower due to y -rays. Most of the y -ray trace could be 

eliminated by raising the discrimination threshold for 

the "Owen" pulses but, obviously, the low energy region 

of the neutron trace would also be eliminated. However, 

as the resolving time decreases the lower trace vanishes 

indicating that the brightening pulses are due to the 

detection of neutrons only. These results confirm the 

observations made by Batchelor et al. (1960)(46) 



Figure 25(a) 

TR = ¿4 µsec. 

Figure 25(b) 

TR = 2 µsec. 

Figure 25(c) 

TR = '1 µsec. 

Figure 25(d) 

TR = 0.5 µsec. 

FIGURE 25 : Oscilloscope Photographs of Neutron Events 

(upper trace) and y -ray events (lower trace), 

using a Po - Be source. 

The coincidence resolving time, TR decreases from 

4 µseco in Fig. 25(a) to 0.5 µsec. in Fig. 25(d) 

as indicated. 
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The Be9(d,n )B10 neutron spectrum with pulse shape 

discrimination 

The pulse shape discrimination system was incor- 

porated into the basic time -of- flight spectrometer 

previously described. A block diagram of the complete 

spectrometer is shown in Fig. 26. A typical 

Be9(d,ny)B10 time -of- flight spectrum recorded in about 

3 hours under similar conditions to that of Fig. 27(a) 

is shown in Fig. 27(b). A comparison of these spectra 

shows that the prompt coincidence y -ray peak has been 

eliminated by the pulse shape discrimination system, and 

that the general level of the background has been reduced 

by 250/0. 

The Be9(d,ny)B10 neutron spectrum with shielded neutron 

detector 

The background in the spectrum obtained using pulse 

shape discrimination, Fig. 27(b), is still quite large and 

part of it must be due to accidental coincidences between 

y -rays in the NaI(TE) crystal and neutrons which have been 

scattered, mainly from the floor, walls and ceiling of the 

target room into the NE 213 scintillator. Therefore the 

neutron detector was placed inside a cylindrical paraffin 
f 

wax shield 21r long with 6" thick walls. (The shield can 

be seen in Fig. 28.) The 5" diameter NE 213 scintillator 

was placed about 11/2' from the front face of the shield. 

A Be9(d,ny)B10 neutron time -of- flight spectrum, Fig. 27(c 

was recorded in about 3 hours under similar operating 

), 
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FIGURE 28 : The Neutron Detector inside the Wax Shield. 
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conditions to that of Fig. 27(b), but with the neutron 

detector inside the wax shield. The background was 

reduced by the wax shield to less than 500 /o of its 

previous level in Fig. 27(b). 

The variation of the intensity of the "3.58 MeV" 

neutron group relative to the other groups in Figs. 27(a) 

(b) and (c) is attributed to slight changes in the 

threshold bias presented to.the "linear" pulses in the 

neutron channel of the spectrometer. 

3.LE.. The Energy Resolution in Time -of- flight Spectra 

In neutron energy spectra obtained by time -of- flight 

measurements the energy resolution of a peak, AE 

(defined as the width of the peak at half its maximum 

2 O T E3/2 
height) is given by AE - 

D 
MeV, where E 

is the energy of the neutron group in MeV, D is the 

length of the flight path in metres and 4T is the time 

resolution of the spectrometer in nsec. There are two 

main ways of improving the energy resolution. The simple 

way is by increasing the flight path, D, but this of cour 

reduces the n -y coincidence rate and hence increases the 

the time required to obtain spectra of a given statistica 

accuracy. The other, and better way of improving the 

energy resolution is by decreasing the instrumental time 

resolution of the spectrometer. 

e 
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The im.rovement in ener resolution b increasen: the 

flight path 

The time -of- flight T of a neutron group increases 

with the length of the flight path according to the 

relationship T = 2242. nsec. If the energy 

resolution is improved by lengthening the flight path then 

the flight time of the slowest neutron group in a spectrum 

may exceed the time range of the time -to- pulse -height 

converter. This situation is illustrated in Fig. 29(a). 

The channel numbers of the prompt y -ray coincidence peak 

and of the neutron groups may be deduced from the "channel 

number versus time interval" curve for the time -of- flight 

spectrometer as shown schematically in Fig. 29(a). (See 

Fig. 15). The slowest neutron group ns is not observed 

because its flight -time is greater than the time range 

covered by the time -to- pulse -height converter. Usually 

the prompt y -ray coincidence peak, y is not observed due 

to the pulse shape discrimination against y -rays in the 

neutron detector, and therefore about half of the time 

range covered by the time -to -pulse height converter is 

not used efficiently for displaying the neutron groups. 

All of the neutron groups in a spectrum can be displayed 

by delaying the timing pulses from the y -ray detector to 

the time -to- pulse -height converter by T nsec, provided 

the time interval between the slowest and fastest neutron 

groups is less than the time range of the converter. 

If the flight -time of the slowest neutron group just 
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exceeds the time range of the time -to- pulse- height con- 

verter, then a delay Ty of a few nsec may be sufficient 

to enable the slowest neutron group to be observed. 

However the value of T,y must be less than about 1 /2TF 

nsec, where TF is the flight time of the fastest neutroi 

group, otherwise the position of the prompt y -ray coin- 

cidence peak will be in the middle of the neutron spectru 

Usually the prompt y -ray coincidence peak is not observed 

but if a fault developed in the pulse shape discriminatio 

circuit while a spectrum was being recorded, then the 

spectrum would be spoilt. Therefore for reliable measure 

ments, Ty must be less than 1 /2TF. In the limit where 

T = 1 /2TF, the position of the prompt y -ray coincidence 

peak nearly coincides with the position of the peak due 

to the fastest neutron group. 

If a value T less than 1 /2TF is not large enough 

to enable the flight time of the slowest neutron group 

to be measured, then a value T than the flight 

time T of the slowest neutron group may be used. The 

expected positions of the peaks in the spectrum using a 

large value of T are shown schematically in Fig. 29(c). 

The pulses from the y -ray detector should be delayed by 

T Ts + 15 ns'ec, so that the slowest neutron group 

avoids the non -linearity in the converter response wnich 

occurs for short time intervals between the arrivals of 

the pulses at its inputs. A comparison of Figs. 29(a) 

and (c) snows that the use of a large delay Ty inverts 

the order in which the neutron groups are displayed by 

the multichannel pulse height analyser. 
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If a delay with an intermediate value is used (i.e. 

F < T,y < Ts ), the neutron groups are recorded in a 

mixed up order. The way in which this happens is deduced 

in Fig. 29(b), Thus the values of Ty between l &F and 

Ts + 15 nsec. are unsuitable. 

The use of a suitable delay T enables the energy 

resolution to be improved by increasing the length of the 

flight path until the neutron groups in the spectrum are 

displayed without confusion over the whole range of the 

time -to- pulse- height converter. The improvement in energ 

resolution obtained by increasing the length óf the 

flight path was investigated experimentally. 

The neutron time -of- flight spectrometer was set up 

as shown in Fig. 26. The length of the flight path was 

2.25 metres and therefore the flight times of the neutron 

groups associated with the formation of levels at 0.72, 

1.74, 2.15, 2.86 and 3.58 MeV in B1° in the Be9(d,n)B10 

reaction were 82, 94, 101, 117 and 145 nsec respectively. 

The timing pulses from the y -ray detector were delayed 

by about 160 nsec, so that the timing pulses from the 

neutron detector arrived before the corresponding pulses 

from the y -ray detector at the inputs to the time -to- 

pulse- height converter. A series of time -of- flight 

spectra of the Be9(d,r B1° neutrons was recorded. 

The Be9(d,ny)B10 neutron time -of- flight spectrum 

shown in Fig. 30 is the sum of six separate spectra, each 

of which was recorded in 4 hours. A comparison of Figs. 
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27 and 30 shows that the energy resolution has been 

improved from about 0.21E3`2 MeV to 0.12E3/2 MeV by in- 

creasing the flight path from 1.3 m to 2.25 m. Also the 

inversion of the time -of- flight spectrum due to delaying 

the timing pulses from the y -ray detector by T 

nsec can be seen. It was found also that the contributio 

to the resolution in the spectrum, Fig. 30, due to drifts 

in the electronics over long periods was negligible. 

The spectra which were added to give the spectrum in 

Fig. 30, were recorded by a Laben 512 channel pulse heigh 

analyser. The analyser has a gated input, and suitable 

negative pulses for opening the gate were obtained from a 

Solatron pulse generator (type GO 1005) when triggered by 

the positive pulses from the triple coincidence unit. Th 

pulses from the time -to- pulse height converter were delay 

ed by 7 µsec to ensure that the gate was fully open when 

they passed through to be recorded. From this stage on, 

all pulse height spectra were recorded by the Laben 512 

channel pulse height analyser. 

The pulse height spectra due to the detection of 

y -rays in the NaI(TZ) crystal of the y -ray detector were 

investigated concurrently with the investigation of the 

neutron energy spectra described here. It was found that 

the behaviour of the y -ray spectrometer was improved by 

using a dynode chain of voltage dependent resistors 

instead of the carbon resistor chain described in section 

2.2e The y -ray detector was fitted with a voltage depen- 

dent resistor chain when the above neutron time -of- flight 
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spectra were recorded. The new chain which does not 

affect'the timing properties of the y -ray detector, is 

described in detail in Chapter 4. 

The improvement in the energy resolution by improving the 

instrumental time resolution 

The time resolution in the Be9(d,ny)B10 neutron 

time -of- flight spectra which we have obtained so far is 

about 10 nsec. In order to improve the resolution it is 

necessary to consider the factors which cause the spoilin 

of resolution and to estimate, where possible, the magni- 

tude of the spoiling. 

The variation in deuteron energy: The variation in 

deuteron energy caused by the instability of the accelera 

ting voltage of the H.T. set was observed to be ± 10 keV. 

A graph of the flight times per metre flight path for 

neutrons emitted in the Be9(d,n)B10 reaction at 60° to 

the deuteron beam against the energy of the deuterons 

is shown in Fig. 31. From this graph we see that the 

time spread is about ± 0.3 nsec per metre. flight path 

for the 3.58 MeV neutron group and less than ± 0.1 nsec 

for the other groups produced by 600 keV deuterons. 

The target thickness: The surface density of the Be9 fil 

used as the target was estimated to be less than 0.01 mg. 

cm2. Using the data for the stopping power of Be 9 

published by Kahn(47), the energy lost by 600 keV deutero s 
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in passing through the target was calculated to be less 

than 5 key. This gives a time spread per metre flight 

path of about 0.15 nsec for the 3.58 MeV neutron group an 

less than 0.05, for the other groups. 

The scintillator size: The instant at which light from 

a scintillation produced by a y -ray in the NaI(Tt) crystal 

reaches the cathode of the photomultiplier depends on the 

1" 
position of the scintillation. For a NaI(TB) crystal lu 

diameter by 1" long mounted about 2 cm. from the Beg 

target, the maximum spread in the collection time of the 

light at the cathode is less than 0.1 nsec. 

In the case of the neutron scintillator, the time 

spread is determined mainly by the transit time of a 

neutron through the 1i/2" thick scintillation cell. This 

time spread ( = nsec) is about 2.5 nsec for the 1 

3.58 MeV neutron group decreasing to 1.4 nsec for the 0.72 

MeV group. 

The statistical process of light emission in scintillator4: 

When y -rays or neutrons interact with a scintillator, 

the statistical nature of the light emission introduces an 

uncertainty in the time taken to collect a given number 

of photoelectrons at the cathode of the photomultiplier 

viewing the scintillations. As a certain minimum number 

of photoelectrons must be collected in order to produce a 

pulse of sufficient amplitude to operate the time -to- 

pulse- height converter properly, the uncertainty in col- 

lection time causes a spoiling of time resolution. When 



a time -to- pulse- height converter which triggers properly 

on the first few photoelectrons is used a typical value 

for the time spread associated with y -rays depositing 

energies above 100 keV in a NaI(Tt) crystal is about 

4 nsec('48). The corresponding time spread for neutrons 

depositing energies greater than 200 keV in an NE 213 

liquid scintillation cell is about 0.6 nsec(48) 

The response of the photomultipliers: The E.M.I. type 

6262B photomultipliers used in the time -of- flight spectro- 

meter are capable of giving pulses with minimum rise 

times of 7 or 8 nsec. The instant at which a pulse from 

the photomultiplier reaches the trigger level of the time - 

to- pulse- height converter may occur at any time up to the 

rise time of the pulse after the detection of the nuclear 

radiation depending on the amplitude of the pulse. Thus 

when all sizes of pulses are accepted by the time -to- 

pulse- height converter the time spread caused by the slow 

response of the photomultipliers may be as large as 8 ns 

for each tube. In practice the time spread will be less 

than this due to the energy selection carried out in the 

"linear" channels of the spectrometer. 

The time -to- pulse -height converter and pulse height 

analysis equipment: The time spread due to the time -to- 

pulse height converter and the pulse height analysis 

equipment was found to be less than 0.5 nsec (Chapter 2). 

The spoiling of resolution due to long term instabilities 

in the electronics was found to be very small as mentione 

above. 
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The main contribution to the total time resolution i 

the spectra obtained so far was attributed to the slow 

response of the 6262B photomultipliers. It was decided 

therefore to replace the 6262B tubes used in the y -ray an 

neutron scintillation detectors by 56 AVP photomultipliers 

which can provide pulses with rise times of about 2 nsec. 

The statistical process of light emission in the 

NaI(Tt) crystal gave rise to the next largest time spread, 

but as this type of scintillator was required for reliable 

energy measurements of the y -rays, no improvement could be 

made. The possibility of reducing the time spread due to 

the thickness of the neutron scintillator by using a_ 

thinner one was considered, but as the detection efficient 

of the neutron detector would be reduced, it was decided 

not to change the scintillator. 

No attempts were made to reduce the small contribu- 

tions to the tòtal time resolution due to the other sources 

mentioned above as it was expected that the minimum time 

resolution would be determined mainly by the contributions 

from the NaI(T8) crystal and the relatively thick neutron 

scintillator. 

The improved time -of- flight spectrometer 

A y -ray scintillation detector, Fig. 39, consisting 

of a NaI(T2) crystal 5" diam. by 4" long mounted on a 

58 AVP photomultiplier tube was available in the labora- 

tory and therefore it was decided to use this counter in 

the time -of- flight spectrometer. The time spread due to 

the size of the larger NaI(TQ) crystal is small, being 
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about 0.5 nsec when the crystal is 3 cm from the target. 

The 58 AVP photomultiplier was fitted with a voltage 

dependent resistor chain which was operated at 2.1 kV 

with a standing current of 1.7 mA. A more detailed des- 

cription of the scintillation detector is given in 

Chapter 4. The use of a larger crystal has the advantage 

of improving the detection efficiency for the y -rays by a 

large factor; the actual improvement depends on the 

energy of the y -rays. The 6262B photomultiplier of the 

neutron detector was replaced by a 56 AVP tube with a dynode 

chain of voltage dependent resistors. The overall voltag: 

applied to the chain was 2.3 kV, causing a standing 

current of 0.75 mA to flow through the chain. The circuit 

diagram of the dynode chain is shown in Fig. 32. 

In the general view of the target area shown in 

Fig. 33, the detectors can be seen mounted beside the far 

target of the H.T. set. The y -ray detector was placed 

about 3 cm from the Be g target at an angle of 90° to the 

deuteron beam direction. The neutron detector, mounted 

inside a large wax shield, was placed about 3 m from the 

target with the flight path at 60° to the deuteron beam. 

A time -of- flight spectrum was observed of those neutrons 

from the Be9(d,ny)B10 reaction coincident with y -rays 

detected above a 0.35 MeV threshold in the "linear" 

channel, The spectrum shown in Fig. 34 was obtained in a 

57 hour period with a deuteron current of ti 0.1µA. The 

time resolution of the neutron groups is 5.5 ± 0.5 nsec; 
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FIGURE 33 : The Target Area of the Accelerator with the Y -ray 

and Neutron Detectors of the Time -of- Flight 

Spectrometer Mounted Beside the Far Target. 
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this time resolution compares favourably with that of 

other n -y coincidence spectrometers mentioned by 

Neilson, Sample and Warren in a review article(49) . The 

energy resolution for a 3 m flight path is about 0.05E3/2 

MeV, giving the value 0.16 MeV for a neutron group corres- 

ponding to an excitation energy near 2.86 MeV in B10. 

The resolution is sufficient to enable such a neutron 

group to be resolved from the neighbouring ones. In the 

spectrum however the neutron groups associated with the 

well- established levels at 0.72, 1074, 2.15 and 3.58 MeV 

in B10 are clearly seen, but there is no indication of 

any level near 2.86 MeV being formed. 
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CHAPTER 4 

THE y -RAY SCINTILLATION SPECTROMETER 

An important facility offered by the n -y coincidence 

technique is the measurement of the energies of both the 

neutrons and the y -rays detected in coincidence. The 

measurement of the neutron energies has already been dis- 

cussed in the previous chapters and so now the measure- 

ments of the y -ray energies is considered. In section 

4.1 evidence is presented to support the statement made 

in section 2.2, that the heights of the pulses at the 

"linear" output of the y -ray scintillation detector were 

proportional to the energies deposited by the y -rays in 

the NaI(Tt) crystal. In the following section 4.2 the 

variation of the gain of the y -ray spectrometer with 

counting rate is discussed. The variation was reduced 

by using voltage dependent resistors instead of carbon 

resistors in the dynode chain associated with the EMI 

type 6262B photomultiplier. A comparison of the per- 

formances of the spectrometer when fitted in turn with 

these dynode chains is given. The dynode chain of voltage 

dependent resistors used with a 58 AVP photomultiplier is 

also described. The final section, 4.3 is concerned with 

the reliability with which the position of an energy 

selection channel can be set in the y -ray spectrum. 
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4.1. The Linearity of the y -ray Spectrometer 

The y -ray scintillation detector described in section 

2.2 was placed about 10 cm from the Beg target which was 

bombarded with 600 keV deuterons. The pulse height dis- 

tribution at the gth dynode of the 6262B photomultiplier 

due to the detection of y -rays was amplified and then 

recorded by the Laben 512 channel pulse height analyser. 

A typical pulse height spectrum is shown in Fig. 35. This 

spectrum is due to y -rays with energies of 0.41, 0.72, 

1.02, 1.43, 2.15, 2.86 and 3.58 MeV from the Be9(d,n)B1° 

reaction, and also 0.48 and 3.37 MeV from the competing 

reactions Be9(d,a)Li7 and Be9(d,p)Be10 respectively. 

The channel numbers of the more prominent peaks in 

0.72, 1.02, 1.43, 1.84, 2,35, 

2.86 and 3.37 MeV were found, and a graph of these energies 

against the corresponding channel numbers was plotted, 

Fig, 35. The peaks at 2.35 and 1.84 MeV are due to the 

escape of one or two annihilation y -rays respectively 

following pair production in the NaI(TE) crystal by 2.86 

MeV y -rays. The photo -peaks of the 2.15 and 3.58 MeV 

y -rays are not sufficiently prominent to be useful in thi- 

energy- channel number calibration. Also as there is a 

gradual build up of carbon on the target from diffusion 

pump oil, and therefore a varying intensity of annihila- 

tion y -rays from the decay of N 3 formed in the 

C12(d,n)N 3 reaction, the peaks near 0.5 MeV have not 
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been used. The graph of the Y -ray energy against channel 

number was found to be linear, and the reciprocal of the 

slope of this line is taken as a measure of the gain of 

the spectrometer in channels per MeV. The gain of the 

spectrometer was found to vary with pulse counting rate. 

L1.2. The Reduction of Variations of Gain with Counting 

Rate Usin: a D ode Chain of Volta se De.endent 

Resistors 

In n -Y time -of- flight experiments the Y -ray scintil- 

lation counter is usually placed very close to the target 

and operated for long periods at high counting rates. 

During an experiment changes in the beam current due to 

instabilities in the H.T. set can give rise to changes in 

the counting rate and hence in the gain of the Y -ray 

spectrometer. The gain variations cause spoiling of pulse 

height resolution in spectra and also make reliable energy 

selection of Y -rays by a discriminator or single channel 

pulse height analyser very difficult. 

The variation of gain with counting rate has been 

attributed to the changes of interdynode voltages which 

are known to occur(50) when the current drawn by the photol 

multiplier from its dynode chain changes with counting 

rate. Various techniques which employ voltage reference 

tubes(51), silicon voltage reference diodes(52,53), 

cathode followers( 54,55) or emitter follower circuits( 56) 

for improving the voltage regulation of all stages, or at 

least the last few stages, of the dynode chain associated 

with the photomultiplier have been reported. It was 
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decided to investigate the use of voltage dependent re- 

sistors in dynode chains because such chains are simple, 

compact and cheap. A comparison of the behaviour of the 

Y -ray spectrometer fitted, first of all, with a carbon re- 

, sistor chain and then with a chain of voltage dependent 

resistors was made by observing the Y -rays from the Be 9 +d 

reactions at various counting rates. 

The circuit diagram of the dynode chain associated 

with the 6262B photomultiplier is given in Fig. 4(a), but 

for convenience the values of the carbon resistors used 

are noted in Table 3. The interdynode voltages occurring 

when the overall voltage applied to the dynode chain is 

1.5 kV have been calculated and are recorded in column 3. 

Voltage dependent resistors giving nominally the same inter - 

dynode voltages for the same standing current in the dynode 

chain were chosen to replace the carbon resistors. The 

nominal interdynode voltages and the Mullard type numbers 

of the voltage dependent resistors are recorded in columns 

4 and 5 of the table. The overall voltage applied to each 

chain from an E.H.T. unit (IDL type 532/B) was 1.5 kV, 

giving a standing current of about 0.75 mA in each case. 

The pulse height spectrum of the Y -rays from the 

Beg +d reactions was recorded by the pulse height analyser 

which was set to count for a predetermined live time. The 

counting rate, which was varied by altering the deuteron 

beam current incident on the Beg target, was calculated by' 

dividing the total number of pulses recorded in all 

channels by the live time. The counting rate determined 

in this way gives the number of pulses per second whose 

amplitudes exceed the 2 volt threshold bias of the analyser. 



Position in 
dynode 
chain 

Carbon resistor Voltage dependent 
chain resistor chain 

Resistor Nominal Nominal Mullard type 
Value 

! 

inter- inter- number 
k SL dynode dynode 

voltage voltage 

K-D1 
D - D2 
1 D2-D3 

D3 - D4 

D4 - D5 

D5 - D6 

D6 - D7 

D7 - D8 

D8 - D9 

D9 - D10 
- 

D10 D11 
- 

D11 D12 
D12 D13 

D13 - D14 
D14 - A 

180 

75 

75 

75 

75 

75 

150 

150 

180 

75 

270 

270 

270 

270 

270 

110 

45 

45 

45 

45 

45 

90 

90 

110 

45 

165 

165 

165 

165 

165 

108 

50 

50 

50 

50 

50 

90 

90 

108 

50 

161 

161 

161 

161 

161 

E299DD/ 

/P344 

/2336 

/2336 

/P336 

/2336 

/2336 

/2342 

/P342 

/P344 

/2336 

/2348 

/2348 

/2348 

/P348 

/P348 

TABLE 3. Comparison of the dynode chains used with the 

EMI type 6262B photomultiplier. Both dynode 

chains operate at 1.5 kV with a standing 

current of 0.75 mA. 
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Pulse height spectra were recorded at a number of 

counting rates between 600 and 17,000 counts per second 

using the dynode chain of carbon resistors. The pulse 

height spectra of those Y -rays which deposited energies 

in excess of 1.2 MeV in the NaI(T &) crystal are shown in 

Fig. 36 for the counting rates indicated. Immediately 

after these spectra were recorded the dynode chain was 

replaced by the voltage dependent resistor one and a 

similar series of spectra was recorded with counting 

rates between 600 and 44.,000 counts per second, Fig. 37. 

By comparing Figs 36 and 37, it can be seen that the 

variation of gain with counting rate was considerably 

smaller with the dynode chain of voltage dependent re- 

sistors than with the carbon resistor chain. 

A quantitative comparison of the variations in gain 

with counting rate was made by determining the gain, in 

channels per MeV, from the "Y -ray energy versus channel 

number" calibration lines of the spectra. Since both 

series of spectra begin with a counting rate of 600 counts 

per second, the percentage change in gain is defined as 

100(Gn 
- 

G 
600 

) 

where Gn is the gain in channels per MeV 
G600 

at a counting rate of n counts per second. The graph of 

the percentage gain change versus counting rate, Fig. 38, 

indicates that the range of counting rates over which the, 

percentage gain change remains within chosen limits is 

increased by a factor of 5 using voltage dependent resis 

tors instead of carbon resistors in the dynode chain. 
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Discussion on dynode chains employing voltage regulation 

Scintillation detectors with almost constant gains 

can be constructed using dynode chains employing voltage 

reference tubes, silicon voltage reference diodes, 

cathode followers or emitter follower circuits to keep 

the interdynode voltages constant. However it is some- 

times necessary to be able to alter the gain by altering 

the overall voltage applied to the dynode chain. Usually 

it is not easy to do this with a dynode chain employing 

voltage reference tubes or silicon voltage reference 

diodes, but it is easy to alter the EHT voltage applied 

to a dynode chain which uses carbon resistors, voltage 

dependent resistors, cathode followers or emitter follower 

circuits. 

Galloway (1959)(41) found that the pulse height 

resolution in spectra due to the detection of Co60 Y -rays 

in a NaI(T &) crystal mounted on an EMI type 6262B photo - 

multiplier depended on the EHT voltage, so that control 

of this voltage is necessary for finding the optimum 

operating conditions of the photomultiplier. On the other 

hand, in some experiments using Y -ray spectrometers, it 

is necessary to select the gain most suitable for obser- 

ving part of a spectrum in adequate detail by adjusting 

the EHT voltage. Also in experiments conducted over long 

periods it is often necessary to compensate for slight 

changes in the gain of the complete spectrometer by 
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adjusting the overall voltage applied to the dynode chain. 

In those cases where it is necessary to control the 

EHT voltage, the simplest type of dynode chain providing 

a useful degree of volge regulation is one employing 

voltage dependent resistors. Such a chain is compact, 

cheap and easily constructed, and the voltage regulation 

provided may be adequate for many purposes. However, if 

a very high degree of voltage regulation is required, 

then it is necessary to use a much more elaborate dynode 

chain which employs cathode followers or emitter follower 

type circuits to regulate the interdynode voltages. 

A dynode chain of voltage dependent resistors for use witY_ 

a 58 AVP photomultiplier. 

A y -ray scintillation detector consisting of a 

NaI(TB) crystal 5" diam. by 4" long coupled directly to 

the photocathode of a 58 AVP photomultiplier was fitted 

with a dynode chain of voltage dependent resistors. The 

photograph of Fig. 39 shows the method of mounting the 

crystal, photomultiplier and dynode chain inside a 

cylindrical light -tight container. Details of the dynode 

chain are given in the circuit diagram, Fig. 40. As a 

suitable voltage dependent resistor could not be obtained 

for the position in the dynode chain between the deflecti 

electrode d and the first dynode D1, a carbon resistor wa 

used. The dynode chain operates at an EHT of 2.1 kV 

with a standing current of 1.7 mA. A linear output for 

n 



FIGURE 39 : The Y -ray Scintillation Detector Showing the 

N aI(T &) Crystal 5" Diem, by 4" Long Coupled 

to the 58 AVP Photomultiplier. 
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y -ray spectrometry was provided at the 9th dynode and 

a fast output for time -of- flight measurements was taken 

from the anode. 

The y -ray spectrometer was set up to observe the 

pulse height distribution at the 9th dynode due to the 

detection the y -rays emitted from the Beg target when it 

was bombarded with 600 keV deuterons. A typical pulse 

height spectrum which was recorded by the multichannel 

pulse height analyser is shown in Fig. 41, A "y -ray 

energy versus channel number" calibration curve was 

plotted and found to be linear. The variation of the 

gain of the spectrometer with counting rate was investi- 

gated by recording a series of spectra at various count- 

ing rates between 1,300 and 50,000 counts per second. 

The portions of these spectra due to y -rays with energies 

above 1,3 MeV are presented in Fig. 42 and a graph of 

the percentage gain change against counting rate based on 

the gain at 1,300 counts per second is plotted in Fig. 43. 

These investigations show that the y -ray spectromete 

was operating sufficiently well to enable reliable measur - 

ments of y -ray energies to be made and also reliable 

selection of y -rays in a chosen energy range to be made 

by a discriminator or a single channel pulse height 

analyser, 
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4.3. The Selection of y-ray Energies by Pulse Height 

Discrimination 

The selection of y -rays in a chosen energy range is 

carried out by feeding the pulse height distribution 

from the y -ray detector to a pulse height discriminator 

set to respond to pulses larger than a chosen height. 

For reliable energy selection of y -rays the pulse height 

discrimination level must remain constant and also the 

gain of the spectrometer must not change once the dis- 

criminator threshold level has been fixed. A common 

technique for setting up the threshold level is illus- 

trated in the block diagram, Fig. 44(a). 

The pulse height distribution at the output of the 

amplifier is fed simultaneously to the discriminator and 

the input of the multichannel pulse height analyser. The 

gate at the input to the analyser is normally closed, but 

those pulses which exceed the threshold level of the dis- 

criminator cause the gate to open. Thus the spectrum 

displayed by the analyser is due to those pulses passed by 

the discriminator. In this way the position of the 

threshold level can be set accurately in terms of pulse 

heights and hence y -ray energies. Usually the direct con- 

nection from the amplifier to the multichannel pulse 

height analyser is a temporary one being used only for 

setting the threshold level. In the present experiment 

it was noticed that the gain of the spectrometer changed 
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when the cable to the multichannel pulse height analyser 

was disconnected from the amplifier. This effect was in- 

vestigated in the following way. 

A cathode follower was used to isolate the output of 

the amplifier from the inputs of the discriminator and 

the pulse height analyser as shown by the block diagram 

drawn in solid lines in Fig. 44(b). The cathode follower 

used was similar to that based on the E88CC valve, Vl, 

at the input of the pulse shaping circuit, Fig. 6. The 

pulse height distribution due to the detection of Co60 

y -rays in the NaI(Tt) crystal 5" diam. by 4" long was fed 

through the system, and the gain of the system was deter- 

mined. A pulse height spectrum recorded in this way is 

shown in Fig. 45. A cable of sufficient length to connec 

the amplifier to the multichannel pulse height analyser 

(14 yds) was attached to the amplifier as shown by the 

dotted part of Fig. /01(b). The pulse height distribution 

of the C06° y -rays was recorded once more, Fig. 45, and 

the gain of the spectrometer was determined. The gain wa- 

found to have changed due to the loading of the amplifier 

by the cable. Such a change of gain causes a change in 

the range of y -ray energies selected by the pulse height 

discriminator. 

This change of gain was eliminated by connecting the 

cathode follower permanently to the output of the amplifier 

and connecting the multichannel analyser to the amplifier 

by means of the cathode follower when setting the thresho d 
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level. A test was carried out using the experimental 

arrangement indicated in Fig. )4i.(c) to check that the 

gain of the spectrometer did not change when cables were 

connected and disconnected from the output of the cathode 

follower. Spectra recorded with and without a cable 

attached to the output of the cathode follower are 

presented in Fig. L.6. No change of gain was observed. 

Finally, the arrangement used to set up threshold 

levels in the work described in the following chapters 

is shown in Fig. 44(d). The cathode follower remained 

connected to the amplifier throughout the complete 

experiment. 
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CHAPTER 5 

THE ANALYSIS OF COMPLEX Y -RAY SPECTRA OBTAINED WITH 

N aI (T &) CRYSTALS 

In order to analyse a complex Y -ray spectrum it is 

necessary to know the line shapes resulting from the de- 

tection of monoenergetic Y -rays in the NaI(T &) crystal 

for the energies of the Y -rays present in the spectrum. 

Moreover, if two or more Y -rays emitted in cascade from 

a source are detected, then the sum line shape due to the 

simultaneous detection in the NaI(T &) crystal of the 

members of the cascade must also be known in some cases. 

In section 5.1 a method for determining the sum line shap 

due to the simultaneous detection of two Y -rays from the 

line shapes for the two Y -rays detected singly is des- 

cribed. The method is illustrated by the analysis of a 

Cow spectrum into line shapes for the component Y -rays 

of energies 1,17 and 1.33 MeV and a sum line shape for 

these Y -rays. The determination of a series of line 

shapes for monoenergetic Y -rays using sources which are 

known to emit only one or two Y -rays, is discussed in 

section 5.2. Corrections were made where necessary for 

the summing of Y -rays emitted in cascades from these 

sources. Usually the energies of the Y -rays present in a 

complex spectrum are different from those obtained from 

the calibration sources. In section 5.3 a method of 

interpolation which can be used for finding the line 



shapes for Y -rays of any energy in the range from about 

0.3 MeV to 4.5 MeV is described. Finally the line shapes 

for the Y -rays which are emitted in the decay of the low - 

lying energy levels of Blé are presented. 

5.1. Determination of Sum Line Shapes for Y -ray Cascades 

The line shape due to the energy summing of a pair 

of Y -rays from a cascade in a small NaI(T .&) crystal has 

been determined experimentally by Vingiani and Monaro 

(1961)(5 7) using a sum- coincidence spectrometer with two 

identical NaI(T .&) scintillation detectors. However in the 

present experiment the energy summing of Y -rays occurred 

in a large NaI(Tt) crystal, 5" diam. by 4" long and a 

sum -coincidence technique could not be used as only one 

scintillation detector with a large NaI crystal was 

available. The following technique was developed there- 

fore to enable the sum line shapes due to two Y -rays to 

be determined from the line shapes of the Y -rays detected 

singly in the NaI(T &) crystal. 

The line shape of a monoenergetic Y -ray, Y(p) may be 

specified by the number of counts N(i,p) recorded in the 

i -th channel of the pulse height spectrum for each channel 

A complex Y -ray spectrum, N(i,t) due to two Y -rays, Y(1) 

and Y(2) emitted in a cascade can be split into components 

as follows:- N(i,t) = N(i,l) + N(i,2) + N(i,$) where 

N(i,$) describes the line shape due to the simultaneous 

detection of Y(1) and Y(2) in the NaI(T &) crystal. 

Those events recorded in the i -th channel correspond to a 
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Y -ray (or Y -rays) depositing a total energy in the range 

[Eo + (i -1)tEl to [Eo + i QE] in the crystal, where Eo 

is the "threshold energy" of the multichannel analyser 
and LSE is the "energy width" of each channel. When an 

event is recorded in the k -th channel due to the simul- 
taneous detection of Y(1) and Y(2) , Y(1) depositing an 

energy in the range [Eo + (i - 1) QE] to [E0 + i QE] , 

then the energy deposited in the crystal by 1(2) must lie 
in the range [(k - i - 1) QE] to [(k - i + 1) QE]. Such 

events occurring separately would be recorded in the i -th 
channel of the Y(1) line shape and either the j -th. or 

(j +l)th channel of the YQ2) line shape, where 
E 

j = {k - i -É 
Now the probability of Y -ray, Y(p) being recorded in 

the i -th channel is proportional to N(i,p), and therefore 

the probability of the simultaneous detection of Y(1) and 

Y(2) giving an event in channel k is given by 

N(k,$) a N(i,l) Ca( j,2)N( j,2) + a( j+1,2)N( j+1,2)] 

The constant a( j,2) is the fraction of the Y(2) Y -rays 

detected in the energy range [Eo + (j -1) QE] to 

o + j !.\E] which contribute to sum events recorded in th 

k -th channel when the Y(1) Y -rays deposit energies between 

[Eo + (i -1)AEi and po + iL\Ej in the crystal; the 

remaining [1 - a(j,2)1 of the Y -rays contribute to sum 

events recorded in the (k -1)th channel. We now assume 
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that the number of counts per channel NO 1p) of the Y( p 

line shape varies smoothly and slowly from the j -th to 

the (j +l)th channel so that N(j,p) N(j +l,p) and 

a( j,p ) z . The number of counts in the k -th channel 

of the sum line shape then reduces to N(k,$)a7:N(i,l)N(j,) 
Eol i 

with j = Lk - i - É} . The condition that 

N(`j,p) N(j +l,p) may be realized in practice by display 

the Y(p) line shapes over a sufficiently large number 

of channels. These calculations enable the complex Y -ray 

spectrum, N(i,t) to be analysed into the line shapes 

N(i,l), N(i,2) and N(i,$). It is implicit in the above 

argument that the line shape N(j,2) results from the same 

number of Y -rays from the source as N(j,l). 

The relative intensities of the component line shapes 

in the above spectrum may be calculated from the source -to 

scintillator geometry and the detection efficiency of the 

scintillator. Suppose the source emits No Y -ray cas- 

cades per second with no angular correlation between the 

directions of emission of the two Y -rays Y(1) and Y(2). 

The probability P(p) of Y -ray Y(p) depositing its full 

energy in the crystal is 
-- 

f(p) No, where f(p) is 

the photopeak detection efficiency for a Y -ray of energy 

E(p) incident on the particular NaI (Te) crystal, and w 

is the average solid angle subtended by the crystal at 

the source. The probability P(1,2) of both Y(1) and Y(2) 

depositing their full energy in the crystal is 

z 

P(1,2) = P(1)P(2) _ (*`)f(1) f(2) No 
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Now the area A(p) of the photopeak of the Y(p) line 
shape is proportional to the probability of Y(p) being 

detectedalone and depositing its full energy in the 

crystal. 

Thus A(1) 0..c f(1) No [1 - F(2)-1 where F(2) is 

the total detection efficiency of the NaI(Te) crystal for 

Y -ray, Y(2) , and similarly for A(2), The relative inten- 

sities of the Y(1) , Y(2) and sum line shapes in the com- 

plex spectrum N(i,t) as given by the areas of their full 

energy peaks are therefore 

A(1) : A(2) : A(s) 

_ f(i) 1 - F(2)1 : f(2) [1 - 7:cF(1)1 : 74ci f(1)f(2) . 

The argument can be extended to deal with several 

Y -rays emitted in a cascade. Higher orders of summing 

may occur when 3, 4, 5.... Y -rays are detected simultaneous- 

ly in the scintillator. However the probability of three 

Y -rays being detected simultaneously is extremely small 

and usually it is sufficient to consider only the summing 

due to pairs of Y -rays. The pulse height spectrum due to 

the detection of the Y -rays in a cascade is given fairly 

accurately by the addition in the appropriate proportions 

of the line shapes of the individual Y -rays and the sum 

line shapes due to all pairs of Y -rays. The intensities 

of the line shapes are chosen so that the area of the 

photopeak A(k) of Y -ray Y(k) is 
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N0 
47c 

f(k) [i - 
w 

F(i)] and the area of the sum 
i/k 

peak due to two Y -rays Y(k) and Y( &) is 

w 2 (4) f(k) f(Q) for some fixed value of No. 

In the present experiment the summing of Y -rays 

occurred in a NaI(%) crystal 5" diam. by 4" long placed 

3 cm. from the source. For such an arrangement the 

geometrical efficiencyx is and the total detec- 

tion efficiency F(i) for Y -rays Y(i) in the crystal is 

less than 1. In the terms [i - F(i)] which appear in 

the above formulae, IL 
L 

F(i) 4 1 and therefore these 

terms can be evaluated fairly accurately using only 

approximate values for F(i). The variations of the total 

detection efficiency and the photopeak detection efficienc 

with Y -ray energy are similar(58,59,60) and so it was 

decided to use photopeak detection efficiencies through- 

out the calculations. The error introduced by making this 

approximation is small compared to the other inaccuracies 

and is taken into account in the following work. 

The analysis of a Co60 Y -ray spectrum. 

A 20 µC Co60 source was placed centrally about 3 cm . 

from the surface of the large NaI(TZ) crystal and the puis 

eight distribution due to the detection of the 1.17 - 1.3 

eV Y -ray cascade was recorded by the multichannel pulse 

eight analyser. The Co 60 1 -ray spectrum, corrected for 

lectronic noise and the low level background activity 

resent in the laboratory, is shown in Fig. 47. 
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Initially it was assumed that the line shapes for 

Y -rays of energies 1.17 and 1.33 MeV were similar and 

that the sum line shape due to these Y -rays remained flat 

below 2.0 MeV, The pulse height spectrum was analysed on 

these assumptions to give approximate line shapes for the 

1,17 and 1.33 MeV Y -rays. A computer program was written 

(Appendix II) to calculate the sum line shape from the 

approximate lines shapes which had been obtained for the 

1.17 and 1,33 MeV Y -rays. More accurate line shapes for 

these Y -rays were found by analysing the pulse height 

spectrum using the calculated sum line shape. The analysi 

of the C o6° spectrum into its component line shapes is 

shown in Fig. 47. The relative intensities of the three 

line shapes were chosen to give a good fit to the experi- 

mental points. 

That the spectrum was displayed over a sufficiently 

large number of channels for the sum line shape to be cal- 

culated accurately was checked by comparing sum line shape 

calculated from single line shapes displayed with 26 

channels per MeV and 52 channels per MeV. The sum line 

shapes were found to be similar indicating that the cal- 

culations were indeed valid. The part of the Cow Y -ray 

spectrum above 1.5 MeV in Fig. 47, which is plotted with 

about 26 points per MeV, is due entirely to the summing 

of the 1.17 and 1.33 MeV Y -rays in the NaI (TZ) crystal, 

and is in good agreement with the calculated line shape. 

We conclude that for spectra displayed with more than 25 

s 
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channels per MeV, the sum line shapes can be determined 

fairly accurately by the above method. 

The calculated and the observed intensities of the 

components in the Cow spectrum are in good agreement, 

see Table 4. The photopeak detection efficiencies used 

in the calculations were taken from the curve in Fig. 48. 

The variation of the photopeak detection efficiency of a 

N aI(T .&) crystal 5" diem, by 4" long with Y -ray energy 

was obtained from the data of Jarczyk et al.( 58) and 

Wei tkamp(59 ), and by interpolation from the data of 

Miller and Snow(60) for the source -to- scintillator 

separations indicated. 

Line shape 1.17 MeV 1.33 2.5 MeV (sum) 

Observed intensities 

Calculated intensities 

48 ±1 

49 t 4 

46 
± 

1 

45 t 3 

5.3 t 0.3 

5.7 ± 0.4 

Table 4. The Relative Intensities of the Line Shapes. 

as Given by the Areas of the Full Energy 

Peaks. 

This method of dealing with the summing of Y -rays in 

a NaI(Te) crystal enables the pulse height distribution 

for a Y -ray cascade to be analysed fairly accurately into 

the line shapes of the individual Y -rays and the sum line 

shape. Alternatively the pulse height distribution for a 

Y -ray cascade can be constructed from the line shapes of 

the individual Y -rays, with a typical accuracy of about 

It 10 %. 
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5.2. Line Shapes for Monoenergetic Y -rays. 

The Y -ray counter consisting of the NaI(TU) crystal 

5" diam. by 4' long and the 58 AVP photomultiplier was 

mounted in its usual position 3 cm. from the Beg target. 

The target was replaced by sources which were known to 

emit one preferably, or two monoenergetic Y -rays, with 

energies in the range up to 4.5 MeV. The pulse height 

distribution due to the Y -rays from each sourcev s re- 

corded by the Laben multichannel analyser for a predeter- 

mined live time, and corrected for the background which 

was observed for the same live time in the absence of the 

source; usually such a correction was small. The EHT 

applied to the photomultiplier was adjusted when necessar 

so that all of the line shapes were recorded with the sam 

gain of about 26 channels per MeV. 

Sources of Y- rays. 

The 0.51 MeV Y -rays from N13 

A N13 source, which decays by ß+ emission with a 

half -life of 10 mins., was formed using the C12(d,n)N 3 

reaction. After the H.T. set had been switched off, the 

0.51 MeV Y -rays resulting from the annihilation of the 

positrons were detected. The line shape for 0.51 MeV 

Y -rays is shown in Fig. 49. 
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The 0.87 MeV 1 -ra s from 017 

The pulse height distribution due to the Y -rays 

emitted when deuterons from the H.T. set struck a quartz 

target was recorded. The distribution was attributed to 

the detection of 0.87 and 2.31 MeV Y -rays from the com- 

peting reactions 016(d,pY)0 7 and 016(d,aY)Ni4 res- 

pectively. The intensity of the 2.31 MeV Y -rays was only 

1% of the photopeak height of the 0.87 MeV Y -rays, and 

therefore the line shape for 0.87 MeV Y -rays was easily 

obtained by subtracting the line shape for 2.31 MeV 

Y -rays, estimated from the line shape for 2.37 MeV Y -rays 

(see below). The line shape for 0.87 MeV Y -rays is shown 

in Fig. 50. 

The 1.17 and 1.33 MeV Y -rays from Co60 

The spectrum of the Y -rays emitted from a Co60 

source was observed and analysed, as described in detail 

above, to give line shapes for Y -rays of energies 1.17 

and 1,33 MeV, Fig. 51. 

The 1,38 and 2.75 MeV Y -rays from Na24 

A sodium bromide target was bombarded with deuterons 

from the H.T. set to form a Na24 source by the Na23( d,p)N 

reaction. Radioactive N 3 was also formed by the 
C12(d,n)N13 reaction due to the contamination of the 

target and the target holder with carbon from the diffusi 

pump oil. As the half -lifes of N13 and Na24 are about 

10 mins. and 15 hours respectively, the pulse height 
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distribution of the Y -rays from the target was recorded 

2 hours after the source had been prepared in order to 

allow most of the N13 formed to decay, The pulse height 

distribution due to the 1.38 and 2,75 MeV Y -rays emitted 

in a cascade from Na24 and the 0.51 MeV annihilation Y- 

rays following the positron decay of N 3 is shown in Fig. 
52. The sum line shape for the 1.38 - 2.75 MeV Y -ray 

cascade was computed and the spectrum analysed into the 

line shapes for 0.51, 1.38 and 2.75 MeV Y -rays and the 

sum line shape, 

The 2.37 MeV Y -rays from 
13 

The The 2.37 MeV level in N13 Was formed by the C12(p,Y)N 

reaction using protons with an energy of about 20 keV abov 

the resonance energy of 457 keV to initiate the reaction. 

The 2.37 MeV Y -rays from the decay of the 1st excited 

state of N13 and the 0.51 MeV annihilation Y -rays from the 

positron decay of the ground state were detected. As the 

half -life of the ground state is about 10 mins. , the 

effect of summing of the 0.51 and the 2.37 MeV Y -rays in 

the NaT(T.C) crystal was negligible. The observed Y -ray 

spectrum was analysed into line shapes for 0.51 and 2.37 

MeV Y -rays as shown in Fig. 53. 

The 2.62 MeV Y -ra s from ThC" 

The pulse height distribution due to the Y -rays 

emitted from a source which consisted of a mixture of ThB 

and ThC was recorded. The portion of the distribution 
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above 1.4 MeV, Fig. 54, is due mainly to the 2.62 MeV 

Y -rays from ThC", while the low energy portion is due to 

several Y -rays with energies between 0.5 and 1.1 MeV and 

is therefore unsuitable for line shape determination. Th 

2.62 MeV Y -ray is emitted in cascade with a 0.58 MeV Y- 

ray and therefore the portion of the distribution shown 

in Fig. 54 was analysed in terms of a line shape for 

2.62 MeV Y -rays and a sum line shape for the 2.62 - 0.58 

MeV cascade. 

The 4.43 MeV Y -rays from C12 

The 4.43 MeV Y -rays from the Be9(a,nY)C12 reaction 

occurring in a Po - Be source were observed. Y -rays with 

an energy of 0.8 MeV are also emitted from the 
po210 

in 

the source, and therefore the contribution due to these 

Y -rays was subtracted from the observed pulse height dis- 

tribution to give the line shape for 4.43 MeV Y -rays, 

Fig. 55. 

5.3. The Interpolation of Line Shapes for Y -rays of Any 

Energy 

The line shapes for Y -rays of any energy in the range 

from 0.3 MeV to 4.5 MeV can be obtained fairly accurately 

using a method of interpolation devised by Nordhagen (1961 

and Bradford (1962) 
(34). Each line shape obtained from 

the Y -ray sources was normalized so that the photopeak h 

was 1000. The height of each line shape at a selected 
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energy below the photopeak energy was noted and the 

variation of these heights with Y -ray energy plotted to 

give an "interpolation" curve for the selected energy. 

"Interpolation" curves were plotted for a series of 

equally spaced energies down to 1.1.E MeV below the photo - 

peak energies of the line shapes. As all line shapes 

were observed with the same gain of 26.5 channels per MeV, 

the energy interval was chosen, for convenience, to corre- 

pond to a channel width. Only a selection of the inter- 

polation curves is shown in Fig. 56; those shown are for 

points four channel widths apart. 

The normalized line shape for a Y -ray of any energy 

can be constructed by reading off the appropriate heights 

at equal energy intervals below the photopeak energy of 

that Y -ray. This enables the shape of the photopeak, 

Compton edge and two escape peaks to be determined. At 

greater energies than 1.4 MeV below the photopeak energy, 

only three points on each "interpolation" curve can be 

found, two of these being obtained from Y -rays with 

similar energies (2.37 and 2.75 MeV). Therefore it was 

decided that the low energy portions of the line shapes 

for high energy Y -rays could be estimated more easily, and 

just as accurately from the lines shapes for the 2.37, 

2.75 and 4.43 MeV Y -rays without the use of the "inter- 

polation" curves. 

The Y -rays emitted in the Be9(d,nY)B10 reaction have 

energies of 0.41, Oe72, 1.02, 1.43, 2.15 and 2.86, 3.58 

MeV and therefore line shapes for Y -rays of these energies 
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were constructed, Figs. 57 -60, the accuracies of the 

line shapes being estimated from the spread of the point 

on the interpolation curves. 
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CHAPTER 6 

A SEARCH FOR LEVEL STRUCTURE NEAR 2.86 MeV in B10 

Two time -of- flight spectra of the Be9(d,n)B10 

neutrons are presented in section 6,1. The first spect 

is of neutrons coincident with Y -rays detected above a 

0.35 MeV threshold and the second of neutrons coincident 

with Y -rays detected above a 1,6 MeV threshold. These 

spectra provide no evidence for any level structure near 

2.86 MeV in B10. The relative intensities of the neutrons 

emitted in the Be9(d,n)B10 reaction can not be determined 

reliably from the observed intensities in the first 

spectrum. For such a determination to be reliable, it is 

necessary to know very accurately the variation of the 

neutron detection efficiency with energy, the variation 

of the Y -ray detection efficiency with energy and also 

the Y -ray decay scheme for the energy levels formed in 

B10. These quantities are not known sufficiently accurate- 

ly. However, the detection efficiences are known accurate 

ly enough to enable a lower limit to be predicted for the 

ratio of the intensity of the 2.86 MeV neutron group to 

that of the 3.58 MeV neutron group from the Y -ray decay 

scheme of Galloway and Sillitto, Fig, 61. A discussion 

of the detection efficiencies is given in section 6.2 

followed by a comparison of the predicted and observed 

relative intensities in section 6.3. Finally the present 

work is compared with other work on the 
Be9(d,n)B10neutro 

energy spectrum in section 6.4. 
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6.1. Beg( d,nY)B10 Neutron Time -of- flight Spectra 

A time -of- flight spectrum of the Be9(d,nY)B10 

neutrons coincident with Y -rays above a 0.35 MeV 

threshold in the slow channel was recorded with the 

spectrometer set up as described in the latter part of 

section 3.4. As mentioned previously, the neutron groups 

were detected at an angle of 60° to the 600 keV deuteron 

beam from the H.T. set. The spectrum, Fig. 62, was re- 

corded in 57 hours with a beam current of less than 0.1 

µA incident on the thin Beg target. Neutron groups 

associated with the formation of the 0,72, 1.74, 2.15 and 

3.58 MeV levels in 
B1° 

are clearly seen but there is no 

indication of any level near 2.86 MeV being formed. 

A spectrum of the Be9(d,nY)B10 neutrons in coin- 

cidence with Y -rays above a 1.6 MeV threshold was also 

recorded; these neutrons are coincident with B10 Y- 

rays of photopeak energies 2.15, 2.86 and 3.58 MeV. The 

spectrum, Fig. 63, was recorded in 97 hours under the 

same conditions as the previous one. The two prominent 

peaks are due to the formation of the 2.15 and 3.58 MeV 

levels in B10. The very small peaks near channels 38 

and 50 are attributed to the result of Y -ray summing in 

the N aI(T &) crystal enabling the neutrons associated 
with 

the 0.72 and 1.74 MeV levels to be recorded. As in the 

previous spectrum there is no indication of a peak corres 

ponding to any level near 2.86 MeV 
in B1°, although the 

energy resolution in both spectra is 
sufficient to enable 

such a peak to be resolved from 
the neighbouring ones. 
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In our examination of these spectra for evidence for 

level structure near 2.86 MeV in B10 the criterion was 

adopted that a peak sitting on top of the background 

could be detected if its height exceeded twice the 

statistical error in the number of counts per channel in 

the background. On this basis the intensity of a neutron 

group associated with a level near 2.86 MeV in B10 must 

be less than 3% of the intensity of the 3.58 MeV neutron 

group in order to avoid detection in these spectra. 

6.2. The Detection Efficiencies of the Neutron and 

Y -ray Detectors 

The detection efficiency of the neutron detector is 

not known accurately but some general conclusions about 

the variation of the detection efficiency with neutron 

energy can be drawn from the result of an investigation 

of the response of a NE 213 liquid scintillator tofhst 

neutrons by Batchelor et al. (1961)(62). The calculation 

and measurements of detection efficiencies made by 

Batchelor et al, were mainly for the case of neutrons 

incident on the curved surface of a 2" diam. by 22" 

long NE 213 scintillation cell viewed by two photomulti- 

pliers whereas in the present experiment the neutrons were) 

incident on the flat surface of a 5' diam. by 12" long 

cell coupled to a single photomultiplier by a 
conical 

light guide. The absolute values of the detection 

efficiencies for the two cells will obviously be different 
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but it is expected that the variation of detection 

efficiency with energy will be similar in the two cases, 

since it is determined mainly by the variation of the 

(n,p) scattering cross -section with neutron energy( 49,62) 

The variation of the detection efficiency of the NE 213 

scintillation spectrometer with neutron energy observed 

by Batchelor et al. is reproduced in Fig. 64. The neutro 

energy at which the detection threshold was set was deter 

mined by the discriminator thresholds in the slow and Owe 

channels of the spectrometer. 

In the various spectra which were obtained, the 

relative intensities of the neutron groups associated 

with the 0.72, 1.74 and 2.15 MeV levels in BIC) were alway- 

about the same, but the ratio of the intensity of the 

neutron group associated with the 3.58 MeV level to that 

of the group associated with the 0.72 MeV level varied 

from 1.1 in Fig. 30 to about 0.5 in Fig. 62. (See also 

Fig. 27.) The variation is attributed to differences 

in the settings of the thresholds in the slow and Owen 

channels of the spectrometer giving different values for 

the detection efficiency for the 1.25 MeV neutrons emitte 

in the formation of the 3.58 MeV level in B10. Such larg= 

changes in the detection efficiency for the 
1.25 MeV 

neutrons indicate that these neutrons were 
just above the 

detection threshold, and that in the spectra 
of Figs. 62 

and 63, at least, the neutrons of higher energy associated 

with any level near 2.86 MeV in B1° 
should be detected 

more efficiently than those associated 
with the 3.58 MeV 

level. 
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The photopeak detection efficiencies for B10 Y -rays 

incident on the 5" diam. by 41 long NaI(TU) crystal 

mounted about 3 cm. from the target were obtained from 

the detection efficiency versus Y -ray energy curve in 

Fig. 48. The detection efficiency of the NaI(T &) crystal 

for a Y -ray detected above the 1.6 MeV bias level was 

found by multiplying the photopeak detection efficiency 

of the Y-ray by the ratio of the area of its line shape 

above 1.6 MeV to the area of its photopeak. The detectio 

efficiencies for 2.15, 2.86 and 3.58 MeV Y -rays above 1.6 

MeV are 0.38 
- 

0.05, 0.52 ± 0.06 and 0.54 ± 0.06 res- 

pectively. 

6.3. Comparison with the B 0 Decay Scheme of Galloway 

and Sillitto 

The B10 Y -rays detected above 1.6 MeV are those with 

photopeak energies of 2.15, 2.86 and 3.58 MeV, and accord 

ing to the decay scheme proposed by Galloway and Sillitto 

these Y -rays are associated with the decay of levels at 

2.15, 2.86 and 3.58 MeV as shown in Table 5. 

Assuming the same neutron detection efficiency at 

2.86 MeV as at 3.58 MeV, and using the detection 

efficiencies calculated above for the B10 Y -rays above the 

1.6 MeV bias level, it was estimated that according to the 

decay scheme proposed by Galloway and 
Sillitto, the inten- 

sity of the neutron group associated with 
the level at 

2.86 MeV should be at least 66% of 
the intensity of the 

33) 
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group associated with the 3.58 MeV level in the spectrum 

shown in Fig. 63, However there is no indication of a 
neutron group associated with the hypothetical 2.86 MeV 

level in B10, and the intensity of such a group must be 

less than 3% of the intensity of the 3.58 MeV neutron 

group to avoid detection. Possibly, due to difficulties 

in interpolation and extrapolation, the line shapes for 

the B10 Y -rays used by Galloway and Sillitto in the 

analysis of their Y -ray spectra were less accurate than 

expected, and this led to a misinterpretation of the 

data. In any case the neutron time -of- flight measurement 

gives direct evidence about the formation of the B10 

levels in the Be(d,n)B1O reaction, whereas Y -ray coin- 

cidence spectrometry gives only indirect evidence. This 

fact has been pointed out by Galloway (1959) (41) and 

Bradford (1962)(3). 
We conclude that there is no evidence for level 

structure near 2.86 MeV in B1O 

6.4. Comparison with Other Bé (d.n)B1O Neutron Energy 

Spectra 

The early work (summarized in Chapter 1) on the 

Be9(d,n)B10 neutron energy spectrum was carried out using 

very inefficient techniques which made it difficult 
to 

obtain spectra of good statistical accuracy. Bayman 

(1954)(63) has studied the effect of statistical fluctua- 

..1 1 it'ions on spectra of poor statistical 
accuracy by considering 

,. 
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frequency distributions obtained by random sampling of a 

well- defined parent distribution. His work indicates 

that spurious peaks could be observed in spectra of 

similar statistical accuracy to the early energy spectra 

of the Beg( d,n)B10 neutrons, even when such spectra were 

smoothed over several channels. Also if the peaks result 

from purely random fluctuations in the number of counts 

per channel, then one would expect these spurious peaks 

to occur at different energies in different spectra. It 

is interesting to note that the peaks in spectra, which 

have been attributed to level structure near 2.8 MeV in 

B101 have been seen at various energies between 2.7 MeV 

and 3.2 MeV, and on occasions it has been suggested that 

there are two levels near 2.7 and 3.1 MeV. The most 

likely explanation of the peaks near 2.86 MeV in B10 in 

the Be9(d,n)B10 neutron energy spectra is that they are 

due to statistical fluctuations in the background. 

Whether or not this is the complete explanation of these 

peaks does not alter our conclusions. Any level in B10 

formed with sufficient intensity for the neutron group 

to be detected in earlier spectra would certainly 
be 

detected in the present experiment. 

Recently in this laboratory, Maydan 
(1965)(64) obtain- 

ed a time -of- flight spectrum of the 
neutrons from the 

Be9(d,n)B10 reaction for 600 keV deuterons 
using the beam - 

pulsing system which he fitted to 
the accelerator. This 

spectrum showed no evidence for 
any level structure near 

2.86 MeV in B10. 
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We conclude that the recent time-of-flight spectra 

of the Be9(d,n)B10 neutrons, which have been obtained with 

good statistical accuracy and with adequate energy 

resolution, provide no evidence for the formation of any 

level near 2.86 MeV in 10 n B. 
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CHAPTER 

THE Y -RAY DECAY OF THE 3.58 MeV LEVEL IN Bl° 

The n -Y coincidence time -of- flight spectrometer was 
used to measure the branching ratios for the Y -ray decay 

of the 3.58 MeV level in B10. In section 7.1 a des - 
the 

cription is given of /experimental arrangement and the 

setting up of the spectrometer to sélect the Y -rays which 

were coincident with the neutron group emitted in the for 

mati on of the 3.58 MeV level in the Be9(d,nY)B10 reaction 

Also described in this section is a simple check on the 

operation of the spectrometer which was made using Na 
22 

and Po - Be sources. The spectrum of the Y -rays from 

the decay of the 3.58 MeV level is presented in section 

7.2. The spectrum was analysed to give the branching 

ratios of the 3.58 MeV level using cascade line shapes 

which were calculated, taking into account summing of 

pairs of Y -rays in each cascade, from the interpolated 

line shapes for the B10 Y -rays. The present measurements 

are compared with other measurements of the branching 

ratios and with theoretical calculations of the ratios in 

section 7.3. 

7.1. The Experimental Arrangement for Observing 
the Y -ras 

from the 3.58 MeV Level in 
Bl° 

The spectrometer was set up around the 
Beg target asl 

shown in Fig. 65. Since there is no level structure 

between the 2.15 and 3.58 MeV levels i 10 n B, the detection 
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efficiency of the spectrometer was improved by reducing 

the flight path until the 2.15 and 3.58 MeV neutron groups 

were just resolved in a time -of- flight spectrum. The 

flight path was 1.6 metres long at 60° to the deuteron 

beam incident on the thin Beg target. The flight times 

of the neutrons from the Be9(d,n)B10 reaction were sorted 

by the time -to -pulse height converter and those pulses 

from the converter corresponding to the flight time of the 

neutrons leading to the 3.58 MeV level were selected by a 

single channel pulse height analyser (NE 5103), The pulse 

at the output of the single channel pulse height analyser 

were fed to a triple coincidence unit, the pulses at the 

inputs to the other channels being the "slog" and 'Owen" 

pulses from the neutron detector. gate 

of the multichannel pulse height analyser was opened by thl 

output pulses from the triple coincidence unit which 

occurred when neutrons associated with the formation of the 

3.58 MeV level were detected. Thus the pulse height dis- 

tribution from the Y -ray detector which was recorded by 

the multichannel pulse height analyser was due to Y -rays 

from the decay of the 3.58 MeV level in B1°. 

The gating channel of the spectrometer was set up by 

displaying the Be9(d,n)B10 neutron time -of- flight spectrum 

on the multichannel pulse height analyser with the input 

gated by the pulses from the triple coincidence unit. (See 

dotted connection in Fig. 65.) When the single channel 

pulse height analyser was operated ,as a simple discriminator 
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with a very low threshold bias, all of the Be9(d,nY)B10 

neutron groups were recorded in the gated spectrum. The 

spectrum, Fig. 66, was recorded in 15 mins. using a 

deuteron beam current of about 0.1 RA.. The position and 

width of the window of the single channel pulse height 

analyser was adjusted to select the 3.58 MeV neutron 

group. The setting of the gating channel is indicated 

in position A in Fig. 66. 

The time -of- flight spectrum, Fig. 66, as well as 

showing the setting of the gating channel on the neutron 

group associated with the 3.58 MeV level shows that 

the triple coincidence part of the spectrometer was 

operating correctly. A further check on the operation of 

the spectrometer was made using radioactive sources. The 

spectrometer was set up to record Y -ray spectra gated by 

the triple coincidence requirements and a 0.2 mC Na22 

source which emits annihilation Y -rays and 1.28 MeV Y- 

rays was placed midway between the Y -ray and neutron 

detectors. No pulses were recorded by the multichannel 

pulse height analyser confirming that the pulse shape 

discrimination circuits were operating correctly. (There 

is no prompt coincidence peak due to Y -ray coincidences 

in the time -of- flight spectrum shown in Fig. 66). 

In addition to the Na22 source a 0.4 µC Po - Be 

neutron source was placed as near as possible to the neu- 

tron scintillator giving a neutron counting rate of 

about 30 counts per sec. The Po - Be source was very we 
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and was also far away from the Y -ray scintillator so that 

very few Y -rays from the source were detected in the 

NaI(TZ) crystal. A spectrum of the Y -rays detected in 

the NaI (T &) crystal was recorded for 18 hours with the 

gating channel set at position A in Fig. 66. The gated 

spectrum is plotted in Fig. 67 along with an ungated 

spectrum. The gated spectrum which is due to random 

coincidences between neutrons from the Po - Be source 

detected in the NE 213 scintillator and Y -rays from the 

Na22 source detected in the NaI(T &) crystal was found to 

be similar to the ungated spectrum. This indicates that 

there was no distortion of the pulse height spectrum in 

the gating process. 

7.2. The Pulse Height Spectrum of the Y -rays from the 

3.58 MeV Level in B10. 

A spectrum of the Y -rays from the Be9(d,nY)B10 re- 

action in coincidence with neutrons emitted in the for- 

mation of the 3.58 MeV level in B1° is-shown in Fig. 68. 

This spectrum was recorded in 36 hours using a deuteron 

seam current of about 0.1 A. The setting of the gating 

channel on the 3.58 MeV neutron group was checked at 

frequent intervals during the run, but it was found that 

o adjustments were necessary. 
The background in the spectrum due to random coin- 

cidences was estimated by setting the a gating channel' 

on the flat background at B in the time -of- flight 

Spectrum shown in Fig. 66. A spectrum of the Y -rays 
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coincident with the neutrons in the background of the 

time -of- flight spectrum was recorded for 12 hours using 

a deuteron beam current of about 0.1 µA on the thin Beg 

target as before. The random background expected in a 

36 hour run was estimated simply by multiplying the 

spectrum obtained in 12 hours by three. The correction 

for the random background is shown in Fig. 68 and the 

pulse- height spectrum of the Y -rays from the 3.58 MeV 

level in B10 corrected for this background is shown in 

Fig. 73. 

The 3.58 MeV level in B1° may decay directly to the 

ground state by emitting a 3.58 MeV Y -ray or indirectly 

by emitting several Y -rays in a cascade. The pulse 

height spectrum of the Y -rays from the 3.58 MeV level was 

analysed using the line shape for a 3.58 MeV Y -ray and 

the line shapes for the following cascades of 2.86 - 0.72 

MeV, 1.43 - 2.15 MeV, 1.43 - 1.43 - 0.72 MeV and 

1.43 - 0.41 - 1.02 - 0.72 MeV Y -rays. 

Each cascade line shape was calculated from the line 

shapes for the individual Y -rays, Figs. 57 -60, and the 

sum line shapes due to the summing of all pairs of Y -rays 

in the cascade. The intensities of the component line 

shapes in a cascade line shape were chosen so that the 

number of counts in the photopeak of any Y -ray Y(k) was 

No IL 
L 

f( k) [1 - * t _ f(i) and the number of counts in 

the sum peak due to any pair of Y -rays Y(k) and Y(e), say, 
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was N (11- 
47c 

2 o) f(Q) f(k), as described in section 5.1. The 

number No of cascades of each type was arbitrarily chose: 

as 105. The computer program which was written to cal- 

culate the cascade line shapes from the individual shapes 

is given in Appendix III. The calculated cascade line 

shapes are shown in Figs. 69 -72. 

The accuracies of the cascade line shapes were 

estimated taking into account the statistical inaccuracies 

of the lines shapes Figs. 57 -60 and the photopeak detec- 

tion efficiencies of the Y -rays. In the calculation of 

the sum line shape for a pair of Y -rays emitted in a 

cascade, it was assumed that there was no angular correla- 

tion between the directions of emission of the two Y -rays. 

In the case of the B10 Y -rays, the Y -ray coincidence ex- 

periments of Shafroth and Hanna (1954) (31) and more 

recently Segel et al. (1966)(40) indicate that the angular 

anisotropies are less than 10 - 15% for pairs of B10 Y -ray 

The analysis of the pulse height spectrum of the Y -rats 

from the 3.58 MeV level in terms of the cascade line shape 

is shown in Fig. 73. The curve which is synthesised from 

the five cascade line shapes, fits the experimental points 

well over most of the spectrum, but the fit is not so good 

in the energy range from 2.0 to 2.5 MeV. However, it seems 

probable that the fit could be improved if triple summing 

which occurs when three Y -rays of a cascade interact 

simultaneously with the NaI(TZ) crystal, were taken into 
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account, The only cascades in which triple summing can 

occur are the 1.43 - 1.43 - 0.72 and 1.43 - 0.41 - 1.02 - 

0.72 MeV Y -ray cascades giving sum peaks at 

3.58 MeV (1.43 - 1.43 - 0.72), 3.17 MeV (1.43 -1.02- 0.72), 

2.86 MeV (1.43 - 0.41 - 1.02), 2.56 MeV (1.43 - 0.41 -0.72) 

and 2.15 MeV (0.41 - 1.02 - 0.72). Normally triple sum 

peaks are weak, but in those cases where both the 0.41 MeV 

and the 0.72 MeV Y -rays are detected (with a high detectio 

efficiency) along with another Y -ray, the triple sum peak 

may be sufficiently intense to enable it to be observed 

in the spectrum. 

The relative intensities of the cascades emitted in 

the decay of the 3.58 MeV level determined from the 

analysis of the spectrum in Fig. 73, are given in Table 6. 

Cascade identified by Y -ray 
energies in MeV. 

Relative Intensity % 

3.58 19 t 4 

2.86 - 0.72 70 ± 7 

1.43 - 2.15 3,6 ± 1.8 

1.43 - 1.43 - 0.72 3.0 t 1.5 

1.43 - 0.41 - 1.02 - 0.72 4.5 ± 0.9 

Table 6. The relative intensities of the cascades 

emitted from the 3.58 MeV level in B10. 

The relative intensities given in the above table 

ave not been corrected for absorption of the B1° Y -rays 
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in the target, the target holder and the photomultiplier 

housing. Bradford (1962)(34) found such a correction was 

very small, and as there is less absorbing material be- 

tween the target and NaI(T4) crystal in the present 

experimental arrangement, it was decided that a correctio 

for absorption was unnecessary. 

The relative intensities of the cascades decaying 

through the 2.15 MeV level give the 0.41 : 1.43: 2.15 

branching ratio of the level as 40± 8 : 26 ± 13 : 32 - 16 

These admittedly inaccurate values of the branching ratio 

agree with the values obtained by other workers, Table 1. 

The percentage of the cascades decaying through the 

2.15 MeV level was determined from the sum of the con- 

tributions from the three cascades. Although the rela- 

tive intensities of the three cascades can be altered 

over a wide range of values, the total intensity of the 

three cascades can only be altered by about t 20% without 

spoiling the fit of the synthesised curve to the experi- 

mental points. The relative intensities of the cascades 

from the 3.58 MeV level in B1° decaying directly to the 

ground state and through the 0.72 MeV and 2.15 MeV levels 

were determined as 19 i- 4 : 70 
± 

7 : 11 ± 2. 

7.3. Discussion of Experimental Measurements 

It was pointed out in Chapter 1 that the reliability 

of the measurements of the branching ratios for the 3.58 

MeV level in B10 given in Table 1, depended on whether 

there is a level at 2.86 MeV or not. As no level structur 
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has been found near 2.86 MeV in B10 all of the measure- 

ments except those. of Galloway and Sillitto(33) are free 

from criticism on this score. If we disregard the 

measurements of Galloway and Sillitto, the remaining 

measurements indicate that the ratio of the intensities . 

of the 3.58 and 2.86 MeV Y -rays from the decay of the 

3.58 1'eV level is about .1 : 4. The results presented 

here are in complete agreement with this conclusion. 

Evidence for a transition between the 3.58 and 1.74 

MeV levels by emission of a 1.84 MeV Y -ray has been re- 

ported by Singh (1959)(37) and Hornyak et al. (1964)(38) 

The analysis of the Y -ray spectrum in the present experi- 

ment was performed without including a 1.84 MeV Y -ray 

line shape. In fact the spectrum of Fig. 73 could 

be analysed satisfactorily using the branching ratios 

proposed by Hornyak et al. As the evidence for a 1.84 

MeV Y -ray has been obtained only when large NaI(T4) 

crystals were used to detect the Y -rays, the peaks in 

the spectra attributed to 1.84 MeV Y -rays may possibly be 

due to the summing of B10 Y -rays in the crystal. 

Singh (1959) used a scintillation detector with a 

NaI(T &) crystal 5" diam. by 6" long to detect the 
B10 

Y -rays and therefore the peak at 1.84 MeV which he 

attributed to a 1.84 MeV Y -ray may be explained by the 

summing of the 0.72 MeV and 1.02 MeV Y -rays and also 

the 0.41 MeV and 1.43 MeV Y -rays. 

The NaI(T Z) crystals used by Hornyak et al. in their 
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coincidence experiments were 7.6 cm. diam. by 7.6 cm. long, 

They state that a correction for summing of the 0.72 and 

l.02 MeV Y -rays from the decay of the 1,74 MeV level was 
made but there is no mention of a correction for the 

summing of the l.L-3 and 0.41 MeV Y -rays. It seems 

possible therefore that part of the small peak at 1.84 
MeV in their Y -ray spectrum could be attributed to the 

summing of the 1.43 and 0.41 MeV Y -rays from the decay 

of the 3.58 MeV level in B10. 

Recently, Segel et al. (1966)(40) have measured, 

using a Y -ray coincidence technique, the branching ratio 

of the 3.58 MeV level in B10 which was populated by the 
10 , 10 

B (p,p Y)B reaction. The value of 12 : 76 : 12 

(3.58 : 2.86 : 1.43) which they obtained and the value 

of 19 : 70 : 11 from the present measurement of the branch- 

ing ratio of the 3.58 MeV level agree very well. Segel 

et al. have also made a search for Y -ray transitions from 

the 3.58 MeV level to the 1,74 MeV level, and they con- 

clude that the branching ratio for this transition is 

less than 0.3% of the total decay. It is interesting to 

note that these values for the branching ratio are in 

fair agreement with the value of 20 : 60 : 20 first 

proposed by Ajzenberg- Selove and Lauritsen in 1955(1). 

A value for the 3.58 kieV branching ratio was cal- 

culated in 1957 by Kurath(65) using the intermediate 

coupling model for the nuclei in the 1p shell proposed by¡ 

Inglis(66). The energy level scheme for B10 predicted by 

this model depends on a parameter a/K which measures the, 
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relative spin -orbit and central energy contributions to 

the excitation energy of the nucleus. The level scheme 

calculated for a/K = 4.5 gives a fairly good fit to the 

experimental data, but the corresponding branching ratio 

for the 3.58 MeV level in Bl° does not agree with the 

experimental values. The branching ratios of the 3.58 

MeV and 2.15 MeV levels are recorded in Table 7. 

More recently Cohen and Kurath (1965)(67) have cal- 

culated 3.58 MeV branching ratios using effective inter- 

actions for the nucleons in the 1p shell for j -j and L -S 

coupling schemes. The interaction parameters were deter- 

mined using the experimental values of the excitation 

energies of the levels in the nuclei of the 1p shell and 

also the binding energies of the ground states of the 

nuclei relative to the (ls)4 core. The energy level 

schemes for B10 agree fairly well with the experimental 

data for both treatments. The branching ratio for the 

3.58 MeV level calculated using data taken from nuclei 

of mass numbers 8 to 16 are recorded in Table 7 for the 

j -j coupling scheme (the parameters of this scheme are 

the two -body matrix elements, 2BME) and the L-S coupling 

scheme of the nucleons in a potential well (POT). 

Similar calculations were carried out for the j -j scheme 

using data from the nuclei of mass numbers 6 to 16, and 

the branching ratio obtained for the 3.58 MeV level is 

recorded in Table 7. 

The calculations of the branching ratios by Cohen 
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and Kurath were for Ml transitions only, and therefore th 

value of the branching ratio for the 2.15 MeV level does 

not include the decay to the ground state. The data for 

the 2.15 MeV level is also recorded in Table 7. 

The calculated and experimental values for the 

branching ratio for the 3.58 MeV level in B10 do not 

agree. In the case of the 2.15 MeV branching ratio the 

agreement between the experimental value and the values 

calculated by Cohen and Kurath using data obtained from 

nuclei between the mass numbers 8 and lb, is very good. 

However, Cohen and Kurath state in their article on the 

branching ratios that they do not expect very good agree- 

ment between the calculated and experimental values for 

the branching ratios in all cases, since the values are 

extremely sensitive to the wave function used in the 

calculation. 

7.4. Conclusion 

The present investigation indicates that the decay 

scheme for B10 has energy levels at 0.72, 1.74, 2.15 and 

3.58 MeV. The 3.58 MeV level decays directly to the 

ground state, the 0.72 MeV level and the 2.15 MeV level 

with a branching ratio of 19 ± 4 : 70 ± 7 : 11 ± 2. No 

evidence is presented for y -ray transitions between the 

3.58 MeV and the 1.74 MeV levels, but the present measure- 

ments would not be inconsistent with a branching ratio of 

less than 3 °/o for the decay of the 3.58 MeV level to the 
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1.74 MeV level. The calculated values for the branching 

ratio of the 3.58 MeV level do not agree with the experi- 

mental values, The value for the 3.58 MeV branching 

ratio from the present experiment is consistent with the 

generally accepted branching ratio for the 2.15 MeV level 

of 25 ; 25 : 50 for y -ray transitions to the ground 

state, the 0.72 MeV level and the 1.74 MeV level in Bl0 

respectively. 
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CHAPTER 8 

SUGGESTIONS FOR TH EXPERIMENTAL INVESTIGATION OF SOME 

PROPERTIES OF THE C11 NUCLEUS. 

Energy levels are known to exist at 2.00, 4.32, 4.81, 

6.35 and 6.49 MeV in C11 (2) and the y -ray decay of these 

levels has been investigated by Freeman (1962)(68) using 

the B10(d,ny)C11 reaction and by Roush et al. (1965)(69) 

using the Be9(He3 ,ny)C11 reaction. In his article Freeman 

states that although the value of 2 is generally favoured 

for the spin of the 4.81 MeV level in C11, a value of 
2 

can not be rejected on the basis of the experimental 

evidence, since the spin value assigned to the level de- 

pends on the type of reaction mechanism used to interpret j 

1 

the angular distribution of the neutrons associated with 

the level, However, Freeman points out that the discovery 

of an anisotropy in the y -rays from the decay of the level 

would be sufficient to rule out a spin of 2. 

It is proposed that the neutron time -of- flight 

spectrometer should be used to measure the angular distri- 

bution of the 4.81 MeV y -rays from the decay of the third 

excited state in 
C11 

populated by the B10(d,ny)C11 reaction. 

It would appear to be sufficient to select the y -rays 

coincident with the neutron groups associated with the 

4.32 and 4.81 MeV levels, and therefore a short flight 

path could be used to give a high detection efficiency. 

Since the photopeak of the 4.81 MeV y -rays should be 

entirely clear of all the other y -rays emitted from time 
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4.32 and 4.81 MeV levels, it should be possible to deter- 

mine the intensity of the 4.81 MeV y -ray by measuring the 

area of its photopeak without an elaborate analysis of 

the y -ray spectrum being necessary. 

In order to carry out the proposed experiment it wil= 

be necessary to design a collimator which will define the 

solid angle subtended by the NaI(Tt) crystal at the targe 

more precisely. Also it will be necessary to monitor the 

B10(d,n)C11 reaction rate during the measurement of the 

angular distribution of the 4.81 MeV y -ray. 

Roush et al. have shown that the 6,35 MeV level in 

C11 decays directly to the ground state and through inter- 

mediate states at 2.00 and 4.43 MeV. The energy resolu- 

tion in y -ray spectra obtained using NaI(Tt) crystalsis 

not good enough to distinguish between the decay of the 

6.35 MeV level through the 2.00 MeV level with the 

emission of 4.35 and 2.00 MeV y -rays in cascade and the 

decay through the 4.32 MeV level with the emission of 

2.03 and 4.32 MeV y -rays. Therefore the 6.35 MeV level 

has been shown to decay directly to the ground state and 

by the emission of y -ray cascades with a branching ratio 

of 65 : 35. Roush et al. suggest that the intermediate 

(level in the y -ray cascade is the one at 2.00 MeV, since 

this would be consistent with the level at 6.35 MeV in 

CII being the analogue of the level at 6.81 MeV in the 

mirror nucleus, B. However it would be desirable to 

investigate this experimentally. An examination of the 
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y -rays from the decay of the Cll energy levels, using a 

lithium -drifted -germanium detector, with high energy 

resolution, should be able to resolve this ambiguity 

about the decay of the 6.35 MeV level in Cll. 
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APPENDIX I. 

ram for Calculati the Fli:ht Times ser 

Metre of Neutrons Emitted in a (4,n) reaction. 

When a deuteron of mass and and energy Ed (MeV) 

interacts with a target nucleus at rest in the laboratory 

coordinate system, the energy n (MeV) of a neutron of 

mass, mn, emitted at an angle 9 to the direction of the 

incident deuteron in a (d,n) reaction is given by 

f 2 ' 2 Jm m E` cos 6 b+ b + 4c where b _ n d d 
n 

^ 2 MR + Mn 

and c - 
(MR - md)Ed + QPJIR 

MR is the mass of 
MR + mri 

the residual nucleus in the (d, n) reaction, and Q is the 

energy released in the reaction in MeV. The reaction is 

energetically possible for positive values of c only. 

The program, which was written in "Atlas Autocode", 

first of all tests whether the reaction is possible, and 

if it is, the energies of the neutrons emitted at various 

angles 6 for a selection of deuteron energies, Ed, are 

computed, The flight times per metre flight path of the 

72.28D 
neutrons are evaluated from the expression T = 2. 

ns /m 
JE; 

for D = 1 m. The computer program is as followss 



bee-in 

integer m,n,p,l,q 
read(m,n,p,l,q) 
begin 
real x,y,B,b,c,d,h,E 
real array F(1:m), Q(1:p), S(1:m,1:p) 
integer i,j,k 
read(y,x,B) 
cycle k =1,1,p 
read(Q(k)) 
repeat 
cycle j =1,1,m 
read(F(j)) 
repeat 
d= 1 /(B +y) 
cycle i =1,1,n 
read(E) 
h= 2 *sgrt(y *x *E) *d 
cycle k =1,1,p 
c= ((B- x) *E +B *Q(k)) *d 
cycle j =1,1,m 
if c <0 then S(j,k) =0 
if c<0 then ->10 
b =h *cos(F(j)) 
b= (b +sgrt(b12 +4c))/2 
S(j,k) =b +2 
10:repeat 
repeat 
newline 
caption Incident g energy $ =$ 
print(E,1,3) 
caption $ Mev. 
newline 
caption Energy $ level; spaces(3) 
cycle k =1,1,p 
print(Q(1)- Q(k),2,3) 
space 
repeat 
c cle j =1,1,m 
newline 
ca tion Angle $ 
print((180(j- 1) /1) +q,3,0) 
spaces(5) 
.92212 k =1,1,p 

print(S(j,k),2,3) 
space 
reeat 

eat 

ewline 



newline 
caption Flight $ times $ for $ 1 $ metre $ flight $ path, 
newline 
caption Incident g energy $ = g 
print(E,1,3) 
caption $ Mev. 
newline 
caption Energy g level; spaces(3) 
cycle k =1,1,p 
print(Q(1)- Q(k),2,3) 
space 
repeat 
cycle j =1,1,m 
newline 
caption Angle 
print((180(j- 1)/1)+q,3,0) 
spaces(5) 
cycle k =1,1,p 
if S(j,k) =0 then ->20 
print(72.28 /sgrt(S(j,k)),3,2) 
spacel 

\ \ \' 

->30 
20: caption ABSURD $ 
30: repeat 
repeat 
newline 
newline 
repeat 
newline 
end 
end of _program 

In order to carry out the calculations the computer requires the following 

data in the order: - 

The numbers of angles, deuteron energies and Q- values: 

The value of I required to determine the interval 180/1 between successive 

angles and the value of q which gives the initial angle: 

The masses of the neutron, deuteron and the residual nucleus: 

The Q- values: 

The angles: 

The deuteron energies. 



As an example, the printout of the computer for the energies and 

flight times of the neutrons emitted in the B10(d,n)C11 reaction 

is shown below. 

Incident energy = 0.600 Mev. 
Energy level 0.000 2.000 4320 4.810 6.350 6.490 6.900 7.500 
Angle o 6.857 4.953 2.722 2.245 0.714 0.569 0.118 0.000 
Angle 30 6.791 4.896 2.679 2.206 0.691 0.54q 0.107 0.000 
Angle 60 6.612 4.744 2.566 2.103 0.632 0.495 0.081 0.000 
Angle 90 6.376 4.544 2.419 1.970 0.559 0.431 0.055 0.000 
Angle 120 6.148 4.352 2.280 1.845 0.494 0.375 0.037 0.000 
Angle 150 5.987 4.217 2.184 1.759 0.452 0.338 0.028 0.000 
Angle 180 5.92 4.169 2.149 1.728 0.438 0.326 0.026 0.000 

Flight times for 1 metre flight path. 

Incident energy = 0.600 Mev. 
Energy level 0.000 2.000 4.320 4.810 6.350 6.490 6.900 7.500 
Angle o 27.60 32.48 43.81 48.24 85.52 95.79 210.06 ABSURD 

Angle 30 27.74 32.67 44.16 48.66 86.93 97.58 220.66 ABSURD 
Angle 60 28.11 33.19 45.12 49.84 90.92 102.69 253.35 ABSURD 

Angle 90 28.62 33.91 46.48 51.50 96.67 110.13 307.69 ABSURD 

Angle 120 29.15 34.65 47.87 53.21 102.7q 118.10 373.67 ABSURD 

Angle 150 29.54 35.20 48.91 54.50 107.50 124.28 429.04 ABSURD 

Angle 180 29.68 3540 49.30 54.98 109.28 126.61 450.68 ABSURD 
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APPENDIX II. 

The Computer Program for Calculating Sum Line Shapes. 

The computer program for calculating the sum line 

shape due to the simultaneous detection in a NaI(Tt) 

crystal of two y-rays in cascade from the line shapes of 

the individual y -rays is given below. First of all the 

line shapes presented to the computer for the y-rays 

y(1) and y(2) are normalized so that the ratio of the 

numbers of counts in the photopeaks of y -rays y(1) and 

y(2) is f(1):f(2), where f(i) is the photopeak detection 

efficiency of y-ray y(i). The sum line shape 

N(k',$) = 256 N(i;,l). N(j,2) where j = kt - i, is 

then computed using the normalised distributions N(i,l) 

and N(j,2) for the individual y-rays of the cascade. 

The printout of the computer gives the sum line shape 

displaced by a few channels due to the effect of the 

energy threshold of the multichannel pulse height analyser 

and it is necessary to correct for this displacement by 

observation. The program in "Atlas Autocode" is as 

follows: 
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begin 
integer i,n,j,m,k,l,q 
real a,b,x,y 
integer arraL A(1:256), B(1:256), C(1:512) 
i =1 

1O:read(A(i)) 
if A(i) = -1 then ->20 
i =i +1 
->10 
20: n =i 

A(n) =O 

j =1 

30:read(B(j)) 
if B(j) = -1 then ->40 
j =j +1 

->30 
40 :m =j 
B(m) =O 
read(a) 
cycle i =1,1,n 
A(i)= int(a *A(i)) 
repeat 
read(b) 

cycle j =1,1,m 
B(j)= int(b *B(j)) 
repeat 
cycle k= 1,1,m +n 
C(k) =0 
repeat 
cycle i =1,1,n 
cycle j =1,1,m 
k =i +j 

C(k)= (A(i) *B(j) +C(k)) 
repeat 
repeat 
read(x,y) 
newline 
newline 
caption Summing gar spectra gx of gr gamma -rays 
print(x,2,2) 
caption K and gx 

print(y,2,2) 
cation g3 Mev. 
newline 
newline 
road(q) 
cycle 1= 1,1,32 
cycle k =(1 +(1 -1) *16),1,16 *1 
iprint((C(k) /q),5,0) 

space 

if k >m +n then ->50 

repeat 

newline 
newline 
repeat 
newline 

0: end of program 

0 with gr energies 



The computer requires the following data in the order:- 

The line shapes for the ó- rays terminated by -1: 

The normalizing factorsx 

The energies of the 'i- rays: 
The power of to by which the sum line shape is multiplied. 



APPENDIX III 

The Com.uter Pro ram for Calculatin the Cascade Line Shaes. 

First of all the sum line shapes due to all pairs of 

y-rays emitted in the cascade are computed using the 

program given in Appendix II. The sum line shapes are 

adjusted by renumbering the channels so that the channel 

number of a sum peak is the same as the channel number of 

the photopeak of an individual y -ray of the sum energy. 

After the programmer has carried out the necessary adjust- 

ments on all of the sum line shapes, the sum line shapes 

and the line shapes for the individual y-rays are pre- 

sented to the computer. The line shapes are then 

normalized so that the number of counts in the photopeak 

of the line shape for an individual y -ray y(k) is 

No 6E f(k) [1 - f(i)i and the number of counts 
iAk 

in the sum peak of the pair of y -rays y(k) and y(t) is 

No (11- )2f(t)f(k). Nó is an arbitrary constant chosen 

to be 105 in the present case. The contents of the j -th 

channel of all the component line shapes for the cascade 

are added together to give the contents of the j -th 

channel of the cascade line shape. The program is given 

below. 



begin 
integer z,f,s,p,h 
read(z,f) 
begin 
array c(1:z,1:f), e(1:z), E(1:f) 
real d 

cycle p =1,1,f 
read(d) 
cycle s =1,1,z 
read(c(s,p)) 
if c(s,p) = -1 then ->10 
c(s,p)= d *c(s,p) 
repeat 

->11 
10:h =s 
cycle s =h,1,z 

c(s,p) =0 

repeat 

11:repeat 

cycle s =1,1,z 
e(s) =o 
cycle p =1,1,f 
e(s)= +c(s,p) 

repeat 
repeat 

newline 
newline 
caption CascadeFofg 
cycle p =1,1,f 
read(E(p)) 
print(E(p),1,2) 
repeat 
caption gMeVggamma -rays 

newline 
newline 
cycle h= 1,1,12 
newline 

cycle s= (h- 1) *10 +1,1,h *10 

if s >z then ->40 

print(e(s),4,0) 
spaces(2) 
repeat 
repeat 
40:end 
end of program 



The computer requires the following data in the order: - 

The numbers of channels and line shapes: 

The normalizing factor for the first line shape: 

The first line shape terminated by -1: 

The normalizing factor for the second line shape: 

The second line shape terminated by -1r 

ETC 

The energies of the -rays, 
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