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WWW1

&uoh wWfe has bean done to elucidate the level structure

of the light nuclei, with the result that a well established

general picture of each is no® eveliable, in which only point® of

dete.il require further ©tudy.

She level stricture, below 4 Mev excitation, end decay sebeae

of cs»® such nucleus, that of boron 10, has been studied extensively,

She reactions that teve teen used for this gurpose &re,

hs9(d, n)B10
B10(Pt p')B10^nd B10(d, d' )B^° *
uV , n)E10

Hm> react!*® Bs^(p, X can excite level® up to ~ 6,5 Mev in
10B . this reaction is there, ore; unsuitable for the study of

the levels below 4 *5ev, since x -ray cascade® from the higher

levels complicate the interpretation of the observe ttons*

1*1* the Sneetma of the Iteu trans fror.; Ic Cc, n)'-

ttery workers have studied the emrgy spectrum of the neutrons
£ iA

produced in the Be (d, n)® reaction, and so have deduced, the

energies of the exalted levels of the product nucleus* In the
(4\

early work, by Banner and Brubaker 1 in 1936, and I'taub and.
(2)

Stephens ' in 1959, the neutron spectrum woe obtained, by observing

recoil protons: in a cloud chanter, They found neutron groups

to levels In B10 at 0,72, 2*2 arid 3.6 Haw*



2.

(3)
Later nuclear emulsions -were used, first in 1943 ty fbwell *

who confirmed these levels. Similar results ■were obtained by

Whitehead and Mandeville^ In 1950. In 1951 Ajzehberg^, using

5.4 Mev deuterons and a thin target, found levels at 0,77, 1.79
(6)

2,22, and 3.59 Mev. Rruitt, Swartz and Hanna confirmed these

levels in 1953 using 0.95 Mev deuterons. In 1953, I>yer and
(7)Birdx bombarded a thick target with 600 Kev deuterons and found

the above four levels and evidence for a previously unobserved

level at 2.85 Mev. They also drew attention to a very weak peak,

of doubtful statistical significance, in the neutron spectra of
(2) (3)

Staub and Stephens and Powell which could correspond to a

level in at about 2.8 Mev.

(8)Reid^ , using a neutron counter telescope, obtained a spectrum
(7)

similar to that of Dyer and Bird , with a barely significant
10

peak that could be attributed to a level at 2.86 Mev in B .

(9)
More recently however, Green, Scanlon and Willmott , using

photographic plates, found no trace of a weak neutron group

corresponding to a level near 2.8 Mev.

1 .2. Inelastic Scattering - B*°(p. ■p*)B^° and B1°(d. d')B^°
Craig, Donahue and Jones^^ used electrostatic analysis of

10 10*
the scattered protons from B (p, p*)B to find the energy of

the first excited state, and obtained a value of 719 * 1.6 Kev.

Both B10(p, p*)B^ and B1<^(d, d')B1^ have been studied by
(11)

Bockelman, Browne, Sperduto and Buechner , who employed

magnetic analysis of the scattered particles, and gave the low
10

lying levels of B as 0.717, 1*739, 2.152 and 3.583 Mev.'



Boron loaded Geiger counters were used by Haxel and

Stuhlinger^ 1(1939) to obtain the threshold °c -particle energies

10
states of B . They deduced excitation energies of 0.8, 1.3 and

for the production of the ground state and first three excited
10

states of B . They dedi

2.1 Mev (all - 0.1 llfev.).
(13)

More recently this reaction has been studied by Bobbins

who enrployed a counter telescope to obtain the energy spectrum of

the neutrons, and also obtained the reaction threshold for each

level with the aid of a BP^ counter. The targets used were 99$
g

pure isotope and a run was cade with a Li target to check on the

possible effect of Li impurity in the Id targets. The results

indicated levels In at 0.74, 1.31 and 1.72 Mev (all i 0.06 Mev).
No other reaction has yielded evidence for a level at 1.31 Mev

in B10.

1 .4-. y-ray Spectra

Basmussen, Hornyak and Lauritsen^^ used a magnetic lens

spectrograph to measure the energy of photoelectrons from radiators
10

irradiated by the V -rays emitted by the excited B nucleus produced

by the reaction Be^(d, n)B10. They found * -rays of the following

energies? 4-13.5*1, 716.6 ± 1, 1021.6 ± 2, 1432.9 - 5,

2152.0 t 15, 2871.0 - 15 and 3604.0 - 30 Kev.
(15)

Day and Huus , with a Hal scintillation counter, observed a

718 £ 5 Jfev ¥ -ray resulting from the proton bomba\dment of B^,
and attributed it to the inelastic scattering reaction, B^° (p, p*)B^

(16)
Shafroth aM Hanna operated two Nal scintillation spectro-

10meters in coincidence to study the decay scheme of B produced by



the reaction Be9(d, »)E10. their results ere susaacrifed in Fig, 1,

fhey found no definite evidence for e level at 2,66 ISev, which i»

chassis dotted, thou#) their remits were not inconsistent with it®

existence,

*•5, MsaiMam

Fig, 1 gives the currently accepted level structure and decay

scheme of £10, ©,g, as suwasrised fey Ajseriberg end Lauritsen^^ in

1955,

the work of Iyer aid Bird^ and Reid^ a photo-

rrajhle emulsion study of the neutrons from the reaction Be9(d, n)B
vet© Undertaken in this laboratory fey Kar&denis, fhe spectra, in

ft
which the rseoltuiGn tsse probably as good as can fee obtained fey

tide method (see Bird and Spear^1^) show neutron groups corres-

ponding to the "established" levels of fig, 1 and in addition

too group© indicating levels in the 2,8 ifev region, at 2,70 and

3.SO lev, the poorer energy resolution in the spectre of Iyer

and Bird^ and leid^ oould have masted any stz-ueture corres¬

ponding to a 5,2 Hrv level#
10

As the reported investigation of the B y -ray cascades,

fey Shafroth ad was not collusive about the possible

existence of such levels, it v*s felt t at a careful study should

fee undertaken of these oaaoadss likely to yield evidence for or

against the level®, near 3 suggested fey scare of the neutron

spectra, "The departnawt*® H,f. set was used to bombard © thick

beryllium target with £00 Ev deuterons and so produce the reaction

8©9(d, n)B10 under conditions similar to those of the experiment

of Kftxttdsn&ft*
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Energy levels and spins of states of nuclei in the 1-p shell,

He^ to have been calculated by Kurath^^, assuming a central

two-body interaction and an intermediate strength of srdn-orbit
10

coupling. The results for the first four excited states of B

agree well with the states clearly established by experiment, and

this provides additional interest in the investigation of any

other possible low lying levels.



CHAPTER 2.

mELummi work - ungated spectra

2,1, Scintillation Spectrometers

It was decided to use sodium iodide scintillation counters,

and two conventional counter heads were built. The crystals were

l|r" diameter x 1" long, and 11-stage E,M,I, photomultipliers were

used, type 626GB in one case, and the electrically equivalent

type 60S7B in the other. The photomultiplier base and the

resistor chain for the dynode voltages (fig, 3&)» which was based

on the recommendations issued by the makers, were in a brass holder;

a thin aluminium can which was a tight push fit in this holder

surrounded the photomultiplier and crystal, and a perspex ring held

the crystal centrally on the end of the photomultiplier. Two light

springs were included, one to hold the perspex ring in place, the

other to ensure good optical contact between the crystal and photo¬

multiplier, this being aided by placing a drop of oil between than.

The performance of each counter was checked using the 0,66 Mev
137

if-rays from a Cs source, and the 1,17 and 1,33 Mev if-rays
60

from a Co sour-ce. The dynode resistor chain was connected to

a type 1033A E.H.T, power unit. The signal from the photomulti-

plier was fed through a cathode follower into an Ekco type N567

amplifier arid thence into a type 107AA five channel kicksorter,

whose channel width was set at y volt. This kicksorter has four

channels which can be used to scan a spectrum, and a fifth channel

which counts all pulses above the range of the four. Because of

the difficulty of setting the widths of each of the four channels

to exactly the same value, spectra were scanned by moving the four

channels in steps of one channel width, the counting rate at a
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given position in the spectrum being obtained by adding together

the number of counts registered in each channel when it occupied

that position.

Spectra were obtained using the Cs source, with several

values of E.H.T., and the resolution, i.e. ratio of width of

photopeak at half the maximum counting rate to photopeak pulse

amplitude, was calculated in each case. With both counters the

resolution was never better than 2Cffc and with this resolution it
60

was not possible to separate the two Co photope&ks. However the

use of a borrowed crystal, known to exhibit good resolution, showed

that the crystals were at fault} after they had been re-canned

by the makers, resolutions of and i0^5 were obtained for the

two counters.

A comparison of the positions of the Co and Cs photopeaks

showed that the response of the counters was non-linear for

values of E.H.T. greater than 1.25 kv. Further a linear response

up to 2.62 Mev ( if -ray from ThG^*) could not be obtained even by

reducing the E.H.T. to 600 V, at which value the resolution was

seriously impaired. Several voltage distributions on the dynodes

of the photoisultiplier were tried, by altering the resistor chain,

and the decoupling capacitors at the anode end of the chain were

increased in an attempt to extend the region of linearity, but

without success.

Messrs. E.M.I, suggested that the connections of the photo-

multiplier tube should be rearranged to give a constant

150 - 200V between the cathode arid dynode 1, and to keep a

moderately high fixed voltage between dynode 9 and the anode, the
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gain of the remainder of the tube being varied as required. It

•was suggested that neon stabiliser tubes should be used to maintain

the fixed voltages. Accordingly the arrangement shown in fig. 3b

was fitted up, Type 90C1 neons, which stabilise at 90V, were

selected for their ability to function with a burning current as low
11

as 1 m.a. Linearity up to the ThC photopeak was obtained with

good resolution using this system vdth an overall voltage of 1 kv.
11

A typical spectrum, showing the Gs, Go arid ThC y-rays, is given

in fig, 4, curve (i). The positions of the photopeak, Compton
11

edge and. escape peaks due to the ThC 2f-ray are marked; only

the phoiopeake of the Co and Cs y-rays are shown. The straight

line (ii) shows the relation between pulse height and y-ray energy

for these peaks.

2,2, The Target Holder

A target holder was designed which would be suitable for

angular correlation studies, and provision was made for changing

targets easily and with a minimum effect on the accelerating column

vacuum system. Fig. 5 shows a sectional view of the target

holder, with a. plan view to a smaller scale on the right hand

side. It consists essentially of a cylindrical box A, with

the target E, located at the centre, and a tube C, through which

the deuteron beam can enter. The moveable tube D is used,

when changing targets, to isolate the target from the main

vacuum system. In the position shown it seals off the target B

from the vacuum system, by pressing against the neoprene gasket E,

so that the target can be removed without affecting the vacuum.

The target is fixed to the top plate F, and is removed by lifting

the top plate off, after undoing the four screws G. The lower
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plate H is not affected by this operation as it is fixed by an

independent set of four screw's I (shown only on the plan view),
which pass through this plate (H) and the flange on the target

box A.

When the target has been changed and the top plate replaced,

the tube D can be withdrawn from around the target by turning the

knob K, which operates the screw drive L. The screw is attached

to the tube D at M by a simplified version of a 'ball and socket'

Joint, which could be called a 'disc and socket' Joint, so that

the screw can turn without the tube turning. A metal bellows K

is used to provide a vacuum tight connection between the tube D

and the target box A, and permits the required movement. Lock

nuts 0 prevent excessive straining of the metal bellows, by

stopping the extraction of tube D when its top becomes level with

the bottom of the target box, i.e. when it reaches P. A disc Q

blocks tube D so that the minimum possible amount of air is intro¬

duced into the vacuum system after changing a target. Stops E

limit the diameter of the deuteron beam, to prevent the gasket E

and the top of tube D (in position P) being bombarded by the deutero

beam when the target holder is in use.

O-rings are included between the top plate F and the plate H,

and between plate H and the flange on A. The top plate F is

insulated from the rest of the target holder by a thin washer of

oil-cloth between it and plate H, and by ebonite insulators round

the four screws G, so that the beam current striking the target
.

can be measured. A hole drilled in the edge of the top plate to

take a wander-plug provides a suitable connection for measuring

the current. Water cooling of the top plate, and hence of the
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target, is provided through two holes, S, drilled into the edge

of the plate, so as to meet near the centre.

The -target holder is fitted on the end of a quartz tube T,

the other end of which joins the H.T. set's vacuum system where

the deutcron beam emerges after resolution and deflection through

30° by a magnetic field. The screwed rods U are fixed at their

other end and pull the gasket V against the quartz tube, making

a vacuum-tight joint. The weight of the target holder is

supported independently by a clamp round tube C. The target

holder can be seen in the centre of fig. 24.

After changing a target the pressure in the main vacuum

system returns to its normal working value in the time taken to

screw the tube D clear of the target. The whole operation of

changing a target can be done in about ten minutes.

The target used in the present experiment was a small disc

of beryllium, -f" in diameter and about V32" thick. It was

clamped in a hole in a strip of copper, which was attached to

the top plate of the target holder.

2,3* Counting. Rate

As the pulses forming a spectrum are randomly distributed

in time, there will be some cases in which two adjacent pulses

occur closer together than the pulse length. Such pairs of

pulses will appear at the kicksorter as a single larger pulse,

and if sufficiently common will distort the spectrum. An estimate

was made of the magnitude of this effect.

In a random sequence of pulses, the probability of observing

a pulse in a small interval of time, dt, is proportional to dt.

If n is the average counting rate, the probability of observing
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a pulse in dt is ndt.

Let p(t) "be the probability that 110 pulse occurs during

time t.

Then the probability that a pulse-free interval t is followed

by an interval dt in which a pulse occurs is p(t) x n dt, and

this must equal the decrease in the probability that no pulse

will occur, -dp.

i.e. -dp = p(t) . n dt

•\ p(t) = A e" and the constant A = 1,

as p(0) =1,

the probability of some pulses in time t is

1 - p(t) = 1 - e~nt
When obtaining spectra the counting rate, of pulses larger

than 5V, was normally about 103/sec., and the pulses were 3^us
long. With this counting rate, the probability of a pulse

following another within 3/u® is,
—6 W -6

1 - p(3 x 10 ) » 1 - exp(-10p x 3 x 10 )

** 1 - 1 + 3 x 10~3 = 3 x 10~3

Thus only about 0.3$ of the pulses overlap, and it should be

quite safe to obtain spectra at this rate. This was checked

roughly using a Cs source by observing the very small number of

pulses with amplitude considerably larger than those in the

photopeak. When observing the &-rays from the Be^(d, njE^
reaction it was found that considerably larger counting rates

distorted the spectrum, whereas lower counting rates did not

alter its shape. Pig. 6 illustrates the effect of counting rate
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n jq
on the shape of part of the spectrum from the Be (d, n)B reaction.

2.4. y -rays from the Deuteron Bombardment of Beryllium

The beryllium target was bombarded with 600 kv deuterons from

the department* s Cocl^oft-Walton generator. Fluctuations in the
intensity of the deuteron beam while scanning, the spectrum were

allowed for by including a monitor scaler, fig. 7, at the amplifier

output and obtaining the number of counts in the kicksorter for

a given count on the scaler, rather than the number of counts in

a given time. Calibration spectra similar to fig. 4 were used to

analyse the spectra; typical examples are shown in figs. 8,

9 and 10, along with the interpretstion of the various peaks.

Vertical marks indicating the position of the photopeak, Compton

edge, and escape peaks for the same -ray are joined by a

horizontal line. Fig. 8 covers the range of all the expected

5 -rays except that at 0.41 Mev, which is shown in fig. 9} fig. 10

is an expanded spectrum of the higher energy peaks, above 1.5 Mev.
10

The B if-rays at 0,41, 0,72, 1.02, 1.43, 2.15 and 2,86 Mev
10

are all observed. The two remaining peaks do not fit the B

decay scheme. One, in fig. 10, is attributed to the 3.37 Mev

2f -ray from Be^ produced by the competing reaction Be (d, p)Be^,
7

while the other, fig, 9, at O.48 Mev is attributed to Id from

the Be^(d, °c )ld/ reaction^ The 3.56 Mev if-ray was not

resolved, because of its very low intensity. As it is not

necessary to resolve this line for the investigation of a level near

2.8 Mev, no special atten.pt was made to do so, and this region of

the spectrum is not shown.
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CHAHCER 3.

COIHCIIEMCE EQUIB&EHT

The electronic units that were required for the experiment

are discussed below. Section 3.1 • deals with the construction

of a coincidence gate unit and the slow coincidence system in

which its operation was tested. There follows in section 3.2. a

discussion of the problem of pulse height analysis in a coincidence

experiment, and the proposal of a design for a 30- channel kick-

sorter. As the construction of a kicksorter of this type was

too large an undertaking to form part of the present investigation,

the department*s Sunvic kicksorter was used. Section 3.3.

contains a. description of the method employed to feed pulses from

the H.T, laboratory to the laboratory where the Surrvic kicksorter

was situated. The present experiment required a more complicated

coincidence system than that described in section 3.1 J section 3.4

deals with this fast-slow coincidence system and the equipment

required to complete it.

3.1. Slow Coincidence System

The spectrum of X-rays in coincidence with a jf-ray of a

particular energy might be obtained in a straightforward way using

the electronic equipment indicated in the block diagram, fig. 11.

A pulse from the right hand counter head is allowed to pass through

the gate to the kicksorter only if the gate has been opened by a

pulse from the single channel pulse height analyser, which is set

to provide an output when a y-ray of the desired energy has been

detected by the left hand counter. In such a system the gate

must open for a length of time about equal to the length of the



F>*. 11 Block diagram of "slow" coincidence system .



pulses to be fed through it, and this limits the resolving time

that can be obtained to a fenyus, hence the description "slow".
A small delay is included in the right hand side to ensure that,

when coincident X-rays are detected, the gate is fully open before

the right hand pulse passes through to be recorded.

Coincidence Gate

The gate unit to be described was based on the circuit of an

input amplifier for a pulse height analyser described by Folkierski

which included an amplifier, a coincidence gate, and provision for

expanding a pottion of the spectrum. A block diagram of the unit

that was built is shown in fig. 12. The positive going input is

applied via a single stage amplifier with a gain of two to the

gate which, depending on the position of the switch S1, is either

held permanently open or is opened for 5/US when a positive pulse
fires the trigger circuit. A single stage of amplification at

the input of the trigger circuit ensures adequate sensitivity.

The subtractor enables up to 100V to be subtracted from the pulses

that come through the gate, i.e. the equivalent of up to 50V from

pulses at the input to the unit. The tops of the pulses can then

be amplified as desired to give an expanded picture of the high

energy end of the spectrum. The switch S2 allows the subtractor

to be bypassed, while S3 selects the gain of the stage following

the subtractor. The unit has a cathode follower output. As an

example of the use of the subtractor, the type 1Q74A kicksorter can

scan only the range 5 - 32,5 V, whereas the N56? amplifier that

precedes it can provide a spectrum that extends up to 60V before

becoming non-linear, If 30V is subtracted from the H567 amplifier
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output, the number of channels per peak in the upper pert of a

spectrum can be doubled. Fig. 10 was obtained in this way and

can be compared with the higher energy end of fig. 8.

The circuit of the unit is given in fig, 13. V1 acts as a

phase changer with a gain of two. The gate comprises ¥2, V3 and

V4. (There appears to be an error in the circuit shown in

Folkierski's paper^^^j the valve corresponding to VIb in fig. 13
( 21)

is shown connected the wrong way round, cf. Wilkinson ).
The potential applied to the right hand grid of ¥2 determines

whether the gate is open or closed, If the right hand side of

V2 is cut off, the left hand side can act as a cathode follower

with ¥3 as the load, and the gate is open. However if the right

hand side of ¥2 is conducting, the common cathode will be held

at the potential of the right hand grid and negative pulses applied

to the left hand grid will not appear at the cathode. Under

these conditions the gate is closed. The trigger circuit, ¥7 and

¥8, that controls the gate is of standard type and provides a pulse

5/US long. It is preceded by an amplifier, ¥5. When the gate
is operated by the trigger circuit a small negative pulse about

1V high is produced at the cathode of V2, as the current passing

through this valve when the gate is open is not exactly the same

as when it is closed. This means that when a pulse is passed by

the gate it is superimposed on a small pedestal. The biased

diode ¥8 acts as the sub tractor. The amount it subtracts is shown

on the meter M and is controlled by the 5 kA potentiometer.

V9, V10 and V11 provide gains of 0.5, 1.0 and 1.5 respectively;

the only difference between these three stages is the value of
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the feedback resistor. The cathode follower output stage consists

of V12 and V13, The power requirements of the unit are, 180 m.a.

at +300V, 2 m.a, at -90V, and 4,7 A at 6,3 V a.c. for valve heaters.

The positive line is electronically stabilized and is provided by

a Roband, type M35A subchassis power unit. Trie negative line is

provided by a simple full wave rectifier circuit and is neon

stabilized.

Testing the Gate Unit

Thorough testing was carried out using a type 1013C double

pulse generator, which provided two independent outputs whose

separation could be varied at will. Pulses of at least 5V were

required to operate the gate, and the coincidence resolving time

was measured as 5/us. A graph of the amplitude of the output
from the unit against that of the input is shown in fig, 14a,

from which the three values of overall gain, nominally 1,2 and 3,

were found to be 0*75> 1,4 and 2,5, The amplifiers are also

shown to be linear for outputs of up to 40V, which is quite adequate.

The working of the subtracter was checked and is illustrated in

fig, 14b, in which output is plotted against input for four

different subtracter settings, with the gain set to the nominal

X1 position.

The Delay

A delay, variable in 1yus steps over the range 0 * 20^us,
with a characteristic impedance of 100 PI to match the input

impedance of the N567 amplifier, was constructed to complete the

slow coincidence system of fig, 9. It is a Tr -type network,

fig* 15, designed to have a cut-off frequency of 1 Mc/s.



Fifr. 1^-a. Output of <jate unit plotted against input

(subtractoa not in use).
Outpu-t (Volts).

Fia.14-1). Output of $ate unit plotted against inh/t,
with subtractoa in use.
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The characteristic impedance, Z^ = = 100 Xh , (l),
the delay per section, = 4lC ,

and the cut-off frequency. f = = 1 Mc/s,c ir^Lc

,% Td = a/1F = i x 10"6 sees. (2)
. . , . L = ^ x 10"4 ^ 32/uH,(1) x (2) ^ /

(?) -1 (l) C = ty x 10"8 ^ 3,300 pf. (nearestW •' 11 standard value)

Sixty sections were made, with tappings every three sections,

which should give a total delay of 19/us. The inductances
consisted of 50 turns of 38 s.w.g, silk covered copper wire

wound to form coils wide on diameter paxolin tube.

The total delay measured on an oscilloscope was I8^us,

O.Syus between adjacent tappings. The total attenuation was
11 db, 0,55 db between neighbouring tapping points,

60
Testing of Gate Unit with a Co Source

The pulses from a single counter were fed into the gate unit,

and used to trigger open the gate, so that they should all be

passed to the kicksorter. The resulting spectrum, from a Co^
source, is shown in fig. 16a, with a spectrum obtained in the

same time with the gate held open, for comparison. Prom this

it is clear that the gate opens quite reliably and that none of

the coincident pulses were missed. The shift cf about a volt

due to the ojuration of the gate can be seen.

The slow coincidence system of fig. 11 was assembled and

the single channel set to accept pulses from the 1.33 Kev Co^
photopeak. The coincidence spectrum obtained is shewn in
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fig. 16(b). It shows, as it should, only the 1.17 Mev Co^°
if-ray.

3.2. Pulse Height Analysis

The counting rate in a coincidence spectrum is necessarily

very much lower than in an ungated one, e.g. the curves in fig. 16a

were each obtained in about half an hour, whereas fig. 16b took

three and. a half hours and the peak represents only 64 counts

compared with several thousand in fig. 16a. Fig. 16b could have

been obtained in only 12 mins. with a 60-channel kieksorter. The

time required to scan the energy range of interest in a coincidence

experiment on the Be^(d, n)E10 reaction using the 10714 five-channel

kicksorter would be prohibitivej a multichannel kicksorter is

necessary for a study cf the kind proposed.

Proposals for a 30 Channel Kicksorter
"

An attempt was made to devise a system of pulse height

analysis that could, conveniently be built using transistors through¬

out, in order to benefit from the trouble-free operation claimed

for semi-conductor devices. The kicksorter should have a minimum

of preset controls to adjust in setting up, and for simplicity a

fixed channel width of |T, The Jfi channels should be capable of

covering any desired 157 range between 0 and 60V, the limit of

linearity of the type 1008 amplifiers available in the laboratory.

The obvious system of 30 independent discriminators with

thresholds apart, was rejected as one would expect it to require

a lengthy setting up procedure. This type of kicksorter, e.g.

A.E.R.E. type 1091 A, is no longer favoured by those with experience

of them. Essentially the system proposed uses the same

discriminator 30 times. A block diagram of the proposal is shown
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In fig. 17. The heart of the system is the loop of blocks

4, 6 and 7. The subtractor (4) removes |-V, determined by

reference voltage (5)1 from the bottom of a pulse applied to it,

the top of the pulse being passed into the delay (6), which is

made long enough for the subtractor to return to its quiescent

state before this pulse reaches the amplifier (7), which serves

only to compensate for the attenuation inevitably present in

the delay. From the amplifier (7) the top of the original pulse

is passed back into the subtractor and the process repeated until

the pulse is reduced to zero. The height of the original pulse

is determined by the number of subtractions performed. Each time

a pulse enters the subtractor the sensitive trigger circuit (8)

is fired and this passes a standard pulse into the scale of 30

(block 10) which counts the number of subtractions performed and

indicates the pulse height by the stage which is left ,on* after

the input pulse has been reduced to zero, fig. 18. This stage

is used to gate a pulse, via block (11), into the appropriate

scaling unit (12).

The subtractor (block 1) is to enable the 30 channel analysis

to be performed in any 15V section of a 60V spectrum, i.e. it is

to subtract any desired voltage between 0 and 45V from the input

pulses. Block 2 limits all pulses at 15V. This ensures that no

pulse makes more than 30 circuits of the loop of units 4, 6 and 7,

and that the dead time of the instrument need only be 30 times the

length of delay (6). The limiter (2) also causes all pulses above

the range of the analyser to be recorded in the 30th channel, a

facility of some help in determining the desired portion of a
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spectrum for analysis. The gate (3) is closed when a pulse has

entered the instrument and remains closed until the pulse has been

disposed of. The trigger circuit (8), as well as feeding standard

pulses into the scale of thirty (10), closes the gate (3) and

triggers the delay pulse generator (9) on the entry of each new

pulse into the analyser (fig. 18), Block (9) produces a pulse

of length 30 x (length of delay 6), By the time the trailing

edge of this pulse is produced, the scale of thirty (10) is in

a steady state indicating the channel in which a count should he

registered. This trailing edge produces a •look* pulse in

unit (13) which is passed through one of the gates (11) into the

appropriate scaler (12), A reset pulse is then produced in (14)
which sets the scale of thirty (10) to zero and opens the gate (3),
after which another pulse can be measured.

It seems possible that the delay (6) could be about 1Cyus,
giving a dead time of JOOyixs. Thus the instrument should be
capable of sorting 3,000 regularly spaced pulses per sec. and

scalers consisting of a dekatron followed by a mechanical register

should be adequate. The proposals are limited to thirty channels

because a larger number would require the transistorized units

(3) and (7) to handle linearly pulses in excess of 157, which vrould

probably be difficult to achieve. Also the delay (6) will have

to he of very good quality to enable a pulse to be passed through

it 30 times without introducing excessive distortion.

To build such an instrument would require the investigation

of the properties of the basic transistorized circuits involved,

and in the final stages of the project the construction of a

considerable amount of circuitry. Thorough testing -would have
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to follow before the kicksorter could be used with confidence

in an experiment. The project was therefore too large to fit

into this investigation! but work on it is proceeding in this

laboratory, with the aid of a grant from the B&ul Instrument Fund.

3.3. Use of Sunvie. Hutchinson-Scarrott type. Kicksorter

For the present work it was decided to use the department* s

Sunsric (Mk. i) pulse height analyser. This was situated in a

laboratory about 150 yds. from the H.T. set and it was necessary

to feed pulses along a coaxial cable to it. The low impedance of

the cable, 69fl, loaded even a cathode follower output stage to

such an extent that pulses larger than a volt or two were severely

distorted. This was overcome by the simple expedient of including

a 2.2 K-Q. resistor in series with the cable, fig. 19, at the output

of the gate unit. This attenuated the pulses considerably and an

amplifier was required at the end of the cable, before the kicksorter.

Pulses of up to 30V at the output of the gate unit were reduced by

the 2.2 Ell resistor to under gV on the cable and were thus small

enough to be fed into a standard type 1008 amplifier, which had its

time constants set so as to have a minimum effect on the pulse

shape, i.e. the time constant of integration at a minimum, 0.15yus,
and of differentiation at a maximum, 1,5 m.s.. The system was

tested using sources and the spectra obtained in this way were

in all respects as good as those already obtained with the five

channel kicksorter.

3.4. Fast-Slow Coincidence System

To obtain an appreciably shorter resolving time than is

possible with the simple slow coincidence arrangement of fig. 11,

the so-called "fast-slow" system of fig. 20 is required.
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Coincident events In counters 1 and 2 are selected by the fast
-8

coincidence unit, with a resolving time of about 10 sec. As

the aim is to obtain a spectrum of the pulses from counter 1 that

are in coincidence with X-rays of a particular energy in counter 2,

not all the coincident events are of interest. The single channel

selects the pulses from counter 2 that correspond to tf-rays of the

desired energy. Thus a coincidence between the single channel

output and the fast coincidence output indicates an event of the

kind sought, and causes the gate to open, allowing the delayed

pulse from counter 1 into the kicksorter.

To use a fast coincidence unit a sharply rising pulse is

required from the photomultiplier, which means that it must have

a sufficiently high gain to cause the fast trigger circuit to

fire when the first few photoelectrons are emitted from the photo-

cathode, When the multiplier is operated at a high gain its

last few stages vd.ll saturate and the size of the output pulse

■will no longer be proportional to the energy of the Jf-ray that

causes it. This prevents energy selection from being included

in the fast circuitry. The photomultiplier output for use in

spectroscopy must be taken from an early dynode, which does not

suffer from any saturation effects. The unit that selects

coincidences between the single channel and fast coincidence out¬

puts need not have a particularly short resolving time, as the

counting rates in this part of the system are much lower than at

the photomultiplier outputs. The variable delays a and. b are

adjusted as required to compensate for any delays introduced in

the circuitry.
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Fast Coincidence Unit

A fast coincidence unit, with a resolving time of 20 nyus,
and associated fast amplifiers and trigger circuits were "built to

the design of Collinge, Morrison and Eccleshall^22^, with slight
(23)

modification based on the information in Fisher and S^hute .

The latter authors described a system using Eal crystals and

14-stage E.M.I, photomultipliers, in which the pulses for spectros¬

copy are taken from the 9th dynode and the "fast" pulses are taken

from the anode. As it was decided to adopt a similar arrangement

of 14-stage photc ultipliers the gain of the amplifier section of

the circuit described in ref. 22 would be unnecessarily high and

the first stage of amplification was omitted. A type CVX2276

valve, which could not be obtained readily, was replaced by an

EFP60 with appropriate alteration of operating voltages. The

variable delay, b in fig. 20, was included after the fast
coincidence circuit, with a cathode follower at the output. An

amplitude discriminator is included in the design of ref. 22

which can beast to prevent the trigger circuit from being operated

by photomultiplier noise and pulses too small to be of interest

in an experiment.

Fast Amplifier. Discriminator, and Trigger Circuit

The circuit of this part of the unit, two of which were

required, is shown in fig. 21. V1, a secondary emission pentode,

amplifies the negative-going pulse from the photomultiplier. The

positive amplified pulse is fed by the cathode follower V2a, to

the diode discriminator, El and D2, The backbias across El is

the difference between the potential of the slider of YR1 and that

of "VR2, applied via the cathode followers V2a and Y2b respectively.
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After passing the discriminator the pulse reaches the control

grid of V3» a secondary emission pentode connected as a trigger

circuit. The valve is normally cut off. A positive-going change

of control grid potential causes it to start conducting, the

changeover being assisted by feeding the amplified positive

step produced at the cynode back to the control grid. The nega¬

tive voltage step produced at the anode proceeds along the cable L

and on reaching the end is fed through the diode B3 to the control

grid, cutting the valve off regeneratively because of the dynode-

to-grid coupling. The length of the pulse produced is determined

by the length of the cable L. To prevent continuous oscillation-

the diodes D3 and DA are biased in such a way that the positive-

going ehange produced at the anode when the valve is switched off

does not reach the control grid after passing along the delay L,

but is short-circuited to earth through DA and the condenser

in series with it.

The pulse from V3 anode is fed to the coincidence mixer.

Coincidence Mixer

The circuit of the mixer is shown in fig. 22, The output

of one trigger circuit is connected to the anode of D1, and that of

the other to the anode of IS. These two diodes form the actual

mixer circuit, A pulse from a trigger circuit cuts off its

associated diode, producing a signal across the common cathode

resistor which is snail when one diode is cut off, but is much

larger when both diodes are cut off at the same time. The bias

applied to the discriminator, B3 and DA, by the cathode follower ¥1,

is set to pass only the pulses that correspond to coincidences.

The pulses that overcome the discriminator bias are fed through a
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cathode follower and an amplifier (the two sections of ¥2) to a

trigger circuit, ¥3 and ¥4, that provides a standard pulse 1^us
long. A cathode follower, ¥5, couples the trigger circuit to a

delay network whose delay is variable in 1yus steps from 0 to
8^us. ¥6 and the associated components form a cathode follower
output stage.

Power Supplies

All the positive H.T. lines are obtained from the +500Y line

via dropping resistors and neon stabilisers. The +5Q0¥, 170 m.a.

supply is obtained from a Solartron power unit type SES151t and

the -20QY, 100 ui.a. supply from a simple neon stabilised full wave

rectifier system.

Testing the Fast Coincidence Unit

The complete fast coincidence unit was tested with a pulse

generator, type 1147A, which provided two outputs whose separation

could "be varied accurately; it was found to have a sharply defined

resolving time of 20 nyus.
3.5. Counter Heads with 14-stage Photomultipliers

Two identical counter heads were constructed. The crystal

and. phctomultiplier assembly was contained in a light tight brass

tube, with a thin aluminium plate covering the crystal end and a

brass plate the other end. Threaded rods fixed to the brass end

plate carried a brass ring on which the photomultiplier base was

mounted, and two paxolin rings which held the photomultiplier and

crystal securely in place, as shown in fig, 23. In this way the

crystal, photamultiplier and associated components can be easily

removed from the brass tube when required, e.g. for alteration of

the dynode resistor chain. The resistors were mounted between the



Fig. 23. SHE HIOTCMJLTIFLIER AND CRYSTAL MOUNTING
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tags on two switch wafers, not directly to the photomultiplier

holder. This enabled alterations to the dynode chain to he made

very quickly, as it was not necessary to apply a soldering, iron

to the connections on the photomultiplier holder itself and the

tube could safely be left in place. By means of two screws on

the brass tube the counter head could be clamped to an aluminium

plate in any of a large number of preselected positions around

the target, fig. 24, It was found necessary to fix a block of

lead between the two crystals to eliminate coincidences due to

scattering of J-rays from one crystal to the other.

E.M.I, type 6262B 14-ctage photcrnultipliers were used. The

pulses for energy determinations were taken from the 9th dynode and

those for operating the fast coincidence unit from the anode. A

dynode resistor chain that seemed likely to give the required out¬

puts with an overall voltage of about 1,5 KV was assembled and

tested with Cs, Co and Th sources to ensure that the pulses from

the anode could operate the fast coincidence unit, and that the

output from the 9th dynode was proportional to the y-ray energy

and exhibited good resolution. The chain was adapted until both

conditions were satisfied, resulting in the arrangement of fig. 25.

Adequate decoupling of the resistor chain was found to be a very

important factor in obtaining a linear response frcm the 9th dynode.

The resolution depended on the value of E.H.T. applied to the photo-

multiplier. The ratio of counting rate on the higher energy Co

peak to the counting rate in the valley between the two peaks was

used as a sensitive test of the resolution to find the best value

of E.H.T. for each photomultiplier. The result, for both counters,

is shown in fig. 26,the best resolution being obtained at 1.4 K¥
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for counter 1 and at 1.35 KV for counter 2. Spectra from both

counters of Cs, Co and Th -rays are shov.n in fig. 27. The

performance of the counters is summarised in the table below.

The figures quoted for the crystals by the manufacturer are given

for comparison.

Performance of the Counters

Best E.H.T.

Co peak : Valley ratic

Resolution to Cs

Counter 1 Counter 2

Observed quoted by
manufacturer

Observed quoted by
manufacturer

1.4 KV

5 : 1

~9$

3.7 : 1

8.1$

1.35 KV

1.9 : 1

10$

2 : 1

9.75^

Testing of Fast Coincidence Unit with the Counters

In devising t e dynode resistor chain described above the

only check on the nature of the fast output pulses from the photo-

multiplier anode was that they should fire the fast trigger circuit.

An oscilloscope capable of showing the rise time of the fast pulses

was not available so it was necessary to ensure that these pulses

were sharp enough to cause reliable triggering with as good a

resolving time as was measured with the pulse generator. The

resolving time was obtained by inserting a variable delay, consisting

of 1 metre lengths of coaxial cable, giving 5 nyus delay per metre,
between one of the counters and the fast coincidence unit, and

finding the variation in coincidence rate with delay when a Co

source was placed between the two counters, fig. 28. Ideally the

coincidence rate should be constant until the delay is equal to

the resolving tim3f after which it should be zero. Fig. 28 shows
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a resolving; time of about 20 nyus, but the drop in the coincidence
rate is not very sharp. % repeating the process with the pulse

generator in place of the counter heads and still varying the

delay by means of the cable delay-box a similar slow drop in

coincidence rate was observed, in contrast with the reasonably

sharp cut off found when using the double pulse generator directly.

From this it was concluded that the poor appearance of fig, 28

is due mainly to the method of obtaining the vsriabl delay.

There should be a small coincidence counting rate for all

values of delay due to random coincidences. The random rate is

Hp = 2 T where T is the resolving time and and
3

are the counting rates in the two counters - each 2 x 10 per

-8 6
sec. in this case. Thus, 13^ = 2x2x10 x 4 x 10 =

*»2
16 x 10 /sec. or 9.6/min, as shown by the dotted line in fig. 28.

Testing: the Fast-Slow Coincidence System with the Counter's

The only unit required at this stage to complete the fast-

slow coincidence system of fig. 20 was the slow coincidence unit,

and for this a type IO36A coincidence unit, with its resolving

time set at 2^us, was used.
First the efficiency of the electronic system was investi¬

gated by feeding pulses from one counter into both sides of the

coincidence system, with the single channel replaced by a discrimin¬

ator set at 5V (a switch for this purpose was provided in the

single channel analyser used, Eynatron type K/101). In this way

each pulse should gate itself into the kiclcsorter. The self-

gated spectrum so obtained was distinguishable from the normal

ungated one only by the small voltage shift introduced by the

gate, indicating that no coincident pulses were missed.
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While the system was connected in this way the discriminators

in the fast coincidence unit were adjusted to reject all pulses

smaller than those produced hy 200 kev 3-rays, as they were too

small to "be of interest in the proposed experiment.

The complete system was finally arranged as in fig, 20 and

set to gate on the 1.33 Kiev, Co 3"-raya. The spectrum in

coincidence with this is shown in fig. 29, with an ungated. Co

spectrum for comparison. The coincidence spectrum has the shape

due to if-rays of a single energy 1.17 Kev, with, at 1.33 Kev,

only a very small random contribution.



Counting RATE

^ARB. UNITij''

COUNTING RATC
(Aas. units)

117 M«v.

I 33 MfV.

UO So I

PULSE Height (CHANNEL NUM(EA)

i n MfcV.

t>) CrATEO ON i»JM«v.

2o
Pulse tfn«Mr (Channel N»nie*)>

F.» 1?. SpECTRA OF Co° if- RAYS a) UNGATED

b) Cf-ATEO OH THE l»3 M6V PEAK (hotE

SMALL SHIFT DUE TO OPENING OF GAT*).



30.

CHAPTER 4.

EXPERIMENTAL METHOD.

10
In the experiment on the B X-ray cascades the fast-slow

coincidence apparatus, described in sections 3.4 and 3.5, was used

in conjunction with the Sunvie 80-channel kicksorter, as in section

3.3.

4.1• Choice of Cascades for Study

The X-rays that might be found in the six possible gated

spectra, if a level existed near 2,86 Mev. are discussed below

(see fig. 30).

Spectrum in Coincidence with 0.72 Mev

X-rays of energies O.M, 1.02, 1.43 and 2.86 Mev are to be

expected in coincidence with 0.72 Mev according to the work of

(16)Shafroth and Hanna , The possible X-rays to or from a level

near 2.86 Mev in coincidence with 0.72 Mev would have energies of

about 0.7, 1.1, 2.1 and 2.9 Mev (fig. 30), although all of these

need not occur. As at least two of the possible X-rays from the

2.86 Mev level could be distinguished from the expected X-rays

from the well established levels, this would seem to be a coinci¬

dence spectrum worth investigating.

There are certain practical advantages in obtaining this

spectrum. The single channel in the fast-slow coincidence system of

fig. 20 has to be set on the full-energy peak of the 0.72 Mev

X-rays. This can be done quite accurately and easily as the

0.72 Mev peak is the strongest in the ungated spectrum (fig. 31)•
The peak efficiency of a scintillation counter, i.e. the probability

that a X-ray of given energy striking the scintillator will produce

a pulse landing in the full-energy peak, drops rapidly with
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increasing ^-ray energy. (Curves for Kal crystals are given
/ gj \

in Lasar, Davis and. Bell ). This means that the coincidence

efficiency vd.ll he greater when gating on 0.72 Mev than in any

other case, except that of the 0.41 Mev if-ray.

Spectrum in Coincidence with 1.02 Mev

The well established levels should give rise to 0.41, 0.72
(l 6)

and 1.43 Mev if -rays and a level near 2.86 Mev could give

ft-rays of energies about 0.7 and 1.1 Mev. The latter should be

quite clear of the expected tf-rays and some work on this coinci¬

dence spectrum might be worthwhile.

Spectrum in Coincidence with 0.41 Mev

(16)
The decay scheme of Shafroth and Henna leads to 0.72,

1,02 and 1.43 Mev if-rays and a level near 2.86 Mev could only

give a Jf-ray of about 0.7 Mev, so that there would seem to be

nothing to recommend the investigation of this spectrum.

Spectrum in Coincidence with 1.43 Mev

if-rays of energies 0.41, 0,72, 1.02, 1.43 end 2.15 Mev

are to be expected^1 Only a 0.7 Mev if-ray could arise from

the hypothetical level under investigation, so that this spectrum

would not readily yield any valuable information.

Spectrum in Coincidence with 2.15 Mev

From the Shafroth and Hanna^^ decay scheme only a 1.43 Mev

if-ray is to be expected, whereas a level near 2.86 Mev could

give rise to a 0,7 Mev if-ray. However the 2.15 Mev peak is not

sufficiently well separated from the escape peaks of the 2.86 Mev,

y-ray to allow this spectrum to be obtained accurately (fig. 31)•
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Spectrum in Coincidence with 2.86 Mev

0<72 Mev y-rays in coincidence with 2.86 Mev can he accounted

for by the well established levels or by a level at 2.86 Mev^^,
so that this is not likely to be among the more interesting spectra.

The Neutron Spectrum of Karadeniz

Although the unpublished work of Karadeniz (fig. 2) indicates

levels at 3.2 and 2.7 Mev considerations similar to those above

suggest that the spectra in coincidence with 0.72 and 1.02 Mev are

the most promising ones for study. It was accordingly decided to

obtain these two coincidence spectra as accurately as is possible

with the present equipment in a reasonable time,

A.2. Ratio of True to Random Coincidence Rates

True Coincidence Rate

In the fast-slow coincidence system of fig. 20 the tame

coincidence counting rate Be at the output of the gate will depend

on the following factorss-

(i) the counting rate at the output of the single channel,

say

(ii) the fraction f of the pulses accepted by the single

channel that are tru#ly in coincidence with other

Jf-arays emitted in the reaction.

(lii) a geometrical factor, G, which is the parobability

that one member of a truly coincident pair of

2f-rays should strike counter 1 when the other

member is detected by counter 2.

(iv) The detection efficiency of counter 1, <f> , for the

appropriate energy of #-rays.

Thus, Nc e fG (1)
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Random Coincidence Rate

Random coincidences can occur in both the fast and the slow

coincidence units and in the gate. The point of a fast-slow

system is that the pulses fed out to the kicksorter should possess

the freedom from random effects found in the fast coincidence unit.

The slow coincidence unit is merely employed in amplitude selection

and the gate is caused to pass a pulse only when a fast coincidence

showing the desired amplitude requirements has occurred. It will

be shown below that in fact under normal working conditions the

random coincidence rate is that appropriate to the fast coincidence

unit.

Random Coincidence Rate arising in the Past Coincidence Unit, 3

An output from the gate unit can only arise from a random fast

coincidence if the associated slow pulse fron counter 2 satisfies

the amplitude requirement of the single channel. Thus only n^
out of the n pulses/sec from counter 2 can contribute towards ran-

dam coincidences that affect the output from the gate. If is

the fast coincidence resolving time, the random rate in the kick-

sorter is 2 n^. n, n being the counting rate in detector 1.

4 - 2Tt\»•

Random Coincidence rate arising in the Slow Coincidence Unit, I

A random coincidence in the slow coincidence unit will open

the gate and allow a pulse into the kicksorter. The random rate

from this cause is

K. ~ 2Ts "f "k

where TTS i£ the slow coincidence resolving time
and ry is the counting rate at the output of the fast coincidence
unit.
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Random Coincidence rate arising in the Gate,

The gate is opened for T sees., n times per sec. so that
g * -s

Comparison of K^, Nj! and Kg
*41The resolving times used were: T- = 2 X 10~ sec

T = 2 x 10"6 see
s

f = 3 x 10*"^ sec
g

Typical values for the counting rates would be:

n 10^/see
2

n^, 10 /sec
~ 10~Vsec

••2
n ~ 10 /sec.s

a "k n ~ 2 x 2 x 10"8 x 102 x 10^ « 4 x 10"^/sec
~ 2 rs \ nf ~ 2 X 2 X 10""6 x 1°2 x 10"1- ^ x 1°"5/sec

M® ■ ngTg n 10-2 x 5 x 10"6 x 103 ^ 5 x 1(T5/sec
Rrom these it can be seen that the random coincidence rate

is effectively that arising in the fast coincidence unit, 1^.
The ratio of the true coincidence rate N to the random rate

c

Kg is
\_f s 0

h 2Tf n
from (l) and (2).

It is desirable to make this ratio as large as possible. f is

fixed by the cascade under investigation, 0 by the crystal being

used and by the electronic system. The counters were placed



35.

as close as convenient to the target to obtain the most favourable

value of G. The counting rate, n, must be kept low enough to
K

give an acceptable value of c/Kg» but at the same time the count¬
ing rate must be sufficient to enable the experiment to be com¬

pleted in a reasonable time,

10
4.3. The Choice of Counting Bate for the E Experiment

An estimate of a suitable counting rate for the experiment
9 10

was made practically, using the X-rays from the Be (d, n)B
reaction. Spectra in coincidence with the 0,72 Mev X-rays were

obtained at several different counting rates. The monitor

sealer (fig, 20) was used to check the counting rate at frequent

intervals during the course of each run, and the controls of the

H.T, set were adjusted as often as necessary to keep the counting

rate constant. With a counting rate —' 5 x 10Vsec. the shape of

the coincidence spectrum was similar to an ungated one, indicating

that random coincidences predominated. At about •§■ x 10^/sec
however the spectrum was clearly not of the ungated shape, the

peaks corresponding, to the X-rays that would be expected in

coincidence with 0.72 Mev from the work of Shafroth and Hanna^ ^
being more prominent. Under these conditions the counting rate at

the high energy end of the coincidence spectrum was only 1 count

per channel per hour, and so it seemed that to seek further improve¬

ment by reducing the counting rate below ^ x 10^/sec would cause

the experiment to last so long that drifts in the electronic units

and possibly even the breakdown of one or more of them would

seriously impair the coincidence spectra in other ways,

N
The expression derived above for was used to check

that a counting rate of •§- x 10^/sec was a reasonable value to

use in this experiment. The reliability of such a calculation
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was first investigated, by obtaining ^c/N^ for the Co^° coincidence
spectrum of fig. 29•

N 60"

o/llp for the Co Coincidence Spectrum

Kc f Ggf
Kg = a-rf „

The single channel was set on the i.33 Mev peak. As the
60

two Co if-rays are in cascade, each 1.33 Mev J-ray has an

associated 1.17 Msv if-ray in coincidence with it, and f = 1.

The centres of the crystals were 9 cms from the Co source

and the crystals are 3 cms in diameter. If we assume the angular
60 /

correlation of the Co tf-rays to be isotropic (as great accuracy

is not required in a calculation of this kind) G is just the

ratio of the area of the crystal facing the source to the area

of a 9 cm sphere,

t.e. G . JLZ& . u.
4TT.81 1Wf

It is most useful to evaluate the ratio of true to random

coincidences that occur in the 1.17 Mev peak, as this can be

obtained easily from the coincidence spectrum. The efficiency

for obtaining a pulse in the full energy peak when a 1 Mev if -ray

strikes a crystal of the sise used is 0.07 (ref. 2k) .

In obtaining the spectrum of fig. 29 the counting rate n

was 750/sec.

= 1 * TPF ? O.QJ % ^
h 2 X 2 x 10"B X 750

When we gate on the 1.33 Mev Jf-rays, ideally the only

response in the coincidence spectrum should be due to 1,17 Mev
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X -rays• The response due to random coincidences should have

the shape of an ungated spectrum, so the intensity of the random

effect in the 1,17 Mev peak should be nearly the same as at

1,33 Mev (see fig. 29a). Applying this to the spectrum in fig.

29(b), the ratio of true to random coincidences in the 1.17 Mev

peak is found to be 16, which is in reasonable agreement with

the value 20 predicted above.

for the B1® Coincidence Spectrum

H
The value of c/Ng is evaluated below for the 1 Mev peak in

the spectrum in coincidence with 0.72 Mev, to check the suitability

of a counting rate of -g- x 10 /sec. The counters were 9 cms from

the target so the value of G may again be taken as 1/144.

In this case the value of f is not known accurately, but

from a spectrum of the neutrons emitted during the reaction, e.g.

fig. 2, it can be seen that many of the 0,72 Mev if-ray quanta

will result from the direct formation of B^° in the state with

0.72 Mev excitation. Of the remainder of the 0.72 Mev quanta,

some will be in coincidence with the 1.02 Mev if-ray and others

with the 1.43 or 2.86 Mev X-rays (fig. 1). Because of these

possibilities, f was rather arbitrarily assumed to be ~

Then % ~ ^ x UA x Q*°7 _ ,

\ " -ft * '
2 x 2 x 10 x | x 10;

It was decided to accept a value of this order for ^c/Kg in
view of the low counting rate, 1/channel/hour, in the 2.8 Mev

region of the coincidence spectrum, and to apply a correction to

the spectrum for random coincidences, A total of at least about

50 counts per channel at the high energy end of the coincidence

spectrin would seem desirable, so that about 50 hours of running
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time would be required.

Scams tidal runs \?ere also made on the spectrum in coincidence

with 1 .02 Mev Jf-rays and they showed that a counting rate of

•§• x 10^/sec would again be satisfactory if coupled with a running

time of about 50 hours.

4.4. Outline of Method Used to Obtain the Coincidence S-pectra.

The Sunvic multichannel kicksorter was available for this

work only occasionally and the 100 hours total running time

required had to be spread over three months. Both the coinci¬

dence spectra had therefore to be obtained by adding together the

results of many short runs, and the method adopted, which is

described below, was devised to minimise the effect of drifts

in the electronic units on the resolution of the final total

spectra, and to enable electronic faults to be spotted quickly.

After each coincidence ran, an ungated spectrum was obtained.

These were combined in the same way as the gated spectra, and

the resulting combined ungated spectrum was compared with a normal

ungated spectrum as a test of the success of the method in main¬

taining the resolution.

A bombarding energy of 600 Kev was used and the deuteron beam

current was adjusted to give the desired counting rate. As the

monitor scaler consisted of a mechanical register, preceded by

two dekatrons and a hard valve scale of 100, it was convenient to

check the counting rate by measuring the time between successive

counts on the register. This time was maintained within the

range 25-30 sees, giving a counting rate just under \ x 10^/sec.
The scaler was left running continuously and frequent messure-

4
ments of the time for 10 monitor counts were made.



39.

The Sunvic kicksorter was used with 80 channels, and was
10

adjusted so that these covered the energy range of the B Jf-rays,

i.e. from about 0,4 to 3.0 Mev. Before coKicencing each coinci-
10

dence run an ungated B spectrun was observed on the kicksorter

and the positions of the peaks were found in order to detect

drift in the sensitivity of the electronic system since the

preceding run. A IJuirhead 75 ^ constant impedance attenuator,

variable in -g- db steps, was included between the cathode follower

and the amplifier before the Sunvic kicksorter (fig. 19) and

was used to compensate any such drift.

The single channel analyser, with width svdtched to 1V,

was next used to obtain the spectrum in the region of the peak

to be used for gating. The width was then increased to yj, and

the channel set with the gating peak in its centre. This pro¬

cedure was carried out prior to every run.

The coincidence run was then started. A scaler which

monitored the coincidence rate served to show up faults in the

coincidence system.

After each individual coincidence spectrum had been

recorded, an tingsted spectrum was again observed to ensure that

no drift or other electronic trouble had developed during the run.

If either the drift, or the number of coincidences recorded,

seemed excessive the spectrum was rejected.

During.the period in which spectra were being obtained the

functioning of the coincidence system was tested at weekly
60

intervals with a Co source. The resolving time of the fast

coincidence unit was also measured with a pulse generator several

times.
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Finally, the individual spectra were combined to give a

result embodying about 50 hours ox" running. The details of the

method used to combine the results, which included energy cali¬

bration of the individual spectra to reduce the effect of small

unavoidable drifts, vrf.ll be given in Chapter 5.

From the decay scheme, fig. 1, it is clear that there can

be no 2.86 Mev Jf-rays in coincidence with 1 .02 Mev, so the

response at the high energy end of the spectrum gated on 1.02 Mev

will be entirely random in origin, A spectrum of the ungated

shape was fitted to this high energy response to give the magni¬

tude of the random contribution in the rest of the spectrum.

The correction required to the other coincidence spectrum,

gated on 0.72 Mev, was calculated from the random rate observed

at the high energy end of the 1.02 Mev spectrum.

4.5. Comparison with the Method of Shafroth and Banna

In the experiment by Shafroth and Hanna^^ two sodium iodide

scintillation spectrometers were used. The output from each

photomultiplier was fed through a cathode follower and linear

amplifier to a single channel pulse height analyser. The pulses

from the two analysers triggered blocking oscillators to provide

standard pulses for the coincidence mixer. A second coincidence

circuit was provided to monitor random coincidences} it received

delayed pulses from one analyser and undelayed pulses from the

other. The resolving time of the coincidence circuits is not

quoted in their paper.

To obtain a coincidence spectrum, one single-channel analyser

was set on a chosen peak in the spectrum and the other was used

to scan the region where coincidences could occur. The method
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allowed only one point on the coincidence spectrum to "be obtained

at a time, so it would be very tedious to seek more than the

minimum useful number of points for each spectrum. This was no

great disadvantage as the main purpose of the experiment was
Q 4«|

to establish directly the decay scheme devised from the Be (d,n)B
10

neutron spectra and the energies of the B 8-rays. In the
/4/\

coincidence spectra shown , channel widths of 3 to 8 volts

were used, and the points were often placed so that there was

one point for each possible peak and one for each possible valley,

although two of the low energy spectra were obtained more accurately

than this. The spectra were quite adequate for a discussion of

the cascades involving the levels well known from the neutron

spectra. However, the method was not well suited to give infor¬

mation about the low intensity regions of a spectrum, e.g, the
'W'

response above 1 Mev, in coincidence with 0,72 Mev is 3301 shown,

and the use of wide channels on such a complex spectrum made

accurate quantitative comparisons of spectra difficult,.

It seems that the technique adopted in the present experiment,

using a multichannel kicksorter, should produce more accurate

spectra of better resolution, and so give a greater likelihood

of observing any small effect due,to a level near 2,8 Mev, which,

on the evidence of the neutron spectra, should be very weak if

it exists at all.
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CHAEEER 5.

QOIMCHENCE SH&TRA

Fourteen irtd.ivid.ua! spectra were obtained gating on the

1.02 Mev peak, of which three were rejected either because of

excessive drift in the sensitivity of the electronic system during

the run, or because an abnormal coincidence rate was observed,

Thirteen spectra were obtained gating on the 0,72 Mev peak, of

which one was rejected. The length of the runs varied frost 2 to

7 hours. Each time an ungated spectrum was also recorded,

5.1 * Addition of Spectra

The spectra were first combined straightforwardly by adding

together the number of counts recorded each time in corresponding

channels. As precautions were taken during the experiment to

keep any drift in the spectra to a minimum, the small residual

drifts should do no more than spoil the resolution to some extent,

and it is interesting to compare these total spectra with the ones

obtained later with the aid of energy calibrations.

Spectrum gated on the 1.02 lev peak

The eleven acceptable runs totalled 51 hours and when added

together gave the spectrum in fig. 32.

Spectrum gated on the 0,72 Mev peak

Of the twelve acceptable runs, two showed evidence of drift tha

had not been adequately compensated before the run began, i.e. the

peaks in these spectra were slightly displaced in relation to the

corresponding peaks in the other ten results. These two were

not included in fig. 33, but as they were quite acceptable in

themselves, they were not finally rejected and will be referred to
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again in section 5.2, The ten runs used totalled 42 hours.

Combined ungated spectra

The result of adding together the ungated spectra obtained over

the same period as the spectrum gated on the 1.02 Hev peak is shown

in fig. 34* The corresponding spectrum obtained over the same

period as the spectrum gated on the 0.72 Mev peak is in fig. 35*

Comparison of figs. 34 and 35 shows that drifts have had a worse

effect on the latter result, although comparison of both these'

spectra with a normal ungated spectrum, e.g. fig. 31# indicates

that the resolution has been considerably impaired in both cases.

Presumably a similar spoiling of resolution has occurred, in the

associated gated spectra, and in an attempt to overcome this a

system of energy calibration of the individual runs prior to their

combination was adopted.

5.2. Combination of Results, with Energy Calibration

Spectrum gated on the 1,02 Mev peak

The method employed will be described for the case of the

spectra gated on the 1.02 Mev peak.

The counting rate at the low energy end of the gated spectrum is

very considerably larger than at the high energy end. In the spec¬

trum resulting from a single run the positions of the peaks due to

0.41 Mev and 0.72 lev y-rays could be determined quite accurately

and the peak due to 1.02 Mev y-rays could be seen clearly, although

it was not quite as well defined, see e.g. fig. 36. The positions

of these peaks were used to draw a straight line energy calibration

graph from which the energy corresponding to the centre of each

channel of the kicksorter could be read off. Prom this a histogram

was constructed showing the number of counts recorded in each channel

against the energy of the channel. A histogram of this kind was
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flC 36 ResUIT of a s/n<j-u TrPICAL run <.atin«v on the i ojl mev peak.
The straight line energy calibration is also shown.
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produced for each individual run. The energy range was divided

into 0,05 Mev intervals and the area under the histogram (i.e.

the number of counts) was found in each interval. The areas

found in corresponding energy intervals from each histogram were

then added together, to pi-oduce the spectrum in fig. 37. This

is not substantially different from fig. 32, although the 1.43 Mev

peak is perhaps better resolved.

Spectrum gated on the 0.72 Mev peak

The same procedure was followed with the ten results used to

give the spectrum in fig, 33. The spectrum obtained using energy-

calibration is shown in fig. 3®. In this the points defining

the 1 .43 Mev peak are more evenly distributed over the peak than in

fig. 33 and above this energy the points suggest a slight improve¬

ment in resolution.

The two results that showed too large a drift for inclusion

in the spectrum obtained by simple addition were energy calibrated

and combined with the spectrum in fig. 38 to give fig. 39, which

embodies 52.5 hours of running time.

Combined ungated spectra

The effectiveness of the technique of energy calibration was

gauged by combining two sets of five ungated spectra and comparing

the results. To make the conditions as similar as possible to those

applying to the gated spectra, the energy calibrations were based

on the positions of only three of the low energy peaks. The

peak at 0,41 Mev could not be used in this case, as it was not
9/ 7

resolved from the O.48 ?fev peak which ©rises from the Be (d, cc)I&

reaction, so the peaks at 0.72, 1.02 and 1.43 Mev were used. The
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resulting pair of combined spectra are shown in fig, 40, It can

he seen that they have very closely the same shape, much mors so

than the two ungated spectra produced by simple addition, figs, 34

and 35. The resolution also compares quite favourably with that

observed in a normal spectrum, fig, 31,

The resolution in the gated spectra, figs, 37 and 39, would

not be expected to be quite as good as in the ungated ones, fig, 40,

as (a) the better statistical accuracy in the individual ungated

spectra should enable a more accurate calibration line to be drawn,

and. (b) the use of the position of the 1,43 Mev peak should also

help by providing a point on the calibration line nearer to the

high energy end of the spectrum,

5.3. Correction for Random Coincidences

Correction to the spectrum gated on the 1 ,02 Key -peak

A spectrum due to random coincidences should have the same shape

as an ungated spectrum. The response in the 2.8 Mev region of the

spectrum gated by 1,02 Mev X -rays should be due entirely to random

coincidences (see fig, 1 or fig, 30). A spectrum of the ungated

shape fitted to the high energy end. of the gated spectrum (Fig, 37,

dotted curve), should therefore give the effect due to random

coincidences over the whole energy range. The ungated spectrum

used for this purpose was the sum of the two in fig, 40. The

random contribution was subtracted from the experimental coincidence

spectrum to give fig, 41. The curve giving the random contribution

is fitted to points of poor statistical accuracy and consequently

the magnitude of the random contribution can be altered by about

- 20% without significantly spoiling the fit. This is taken into

account in the indication of the accuracy of the points in fig, 41.
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Correction to the spectrum Rated on the 0.72 Mev peak

The random contribution to the spectrum gated on the 0.72 Mev

peak was calculated from the random coincidence rate observed in

the spectrum gated on the 1.02 Mev peak. The counting rate

in the g^ted spectrum at energy E due to random coincidences,

when the single channel analyser is set on a peak of energy E Mev,

is given by

N^(E) = 2rfnk n(E)
where n(E) is the counting rate of pulses corresponding to -rays

of energy E, at the output of the photomultiplier.

^,72(E) = 2 Tf n^72 n(E)
and 4'02(e) = 2 Tf ni .02 n(E)

^m72<E>
s kQ,72

I^,02(E) n1.02
The ratio was calculated from the spectrum, fig. 42,

obtained using the single channel analyser. The positions

occupied by the 3 volt wide gating channel while obtaining; the co¬

incidence spectra are indicated.

"R"72^) "0.72

Kg (E) n-, .02

area tinder 0.72 Msv peak between the channel limits

area under 1.02 Mev peak between the channel limits

s* 3.6

Since 52.5 hours were spent recording the spectrum gated on the

0.72 Mev peak and 51 hours on the one gated on the 1 .02 Mev peak,
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the number of random coincidences in the 0.72 Mev spectrum is

3.6 3t 3.7 times the number in the 1.02 Mev ease. The

resulting curve giving the contribution due to random coincidences

is shown dotted in fig. 39? fig. 43 gives the spectrum after

the random effect has been subtracted.

5.4. The Effect of Raises due to Corcpton Electrons accepted in
the Gating Channel

When the single channel analyser was set on the 0.72 Mev

peak a considerable number of the pulses it accepted would be due to

electrons Compton-scattered by 1.02 Mev Y-rays (see fig. 12,

curve (i)), while a small number of pulses caused by 1 .43 Mev and

higher energy Y-rays would also be present. These pulses would

cause the spectrum gated on the 0.72 Mev peak, i.e. fig. 43» to

contain peaks due to the K-rays in coincidence with the 1.02 Mev

Y -ray as well as much less intense peaks due to those in coinci¬

dence with the 1.43 Mev y-rays.

The spectrum gated on the 1,02 Mev peak i.e. fig. 41, would

be similarly affected by 1.43 Mev and higher energy y -rays, see

fig, 42 curve (ii). The spectrum gated on the 1.02 Mev peak should

give a fairly good indication of the relative intensi ties of the

unwanted peaks introduced, by 1.02 Mev and higher energy Y-rays

into the sj>ectrum gated on the 0.72 Mev peak.

The count Cq ^ at a given energy in the spectrum gated on
the 0.72 Mev peak, due to y -rays of energy greater than 0.72 Mev,

is proportional to the area under curve (i) between limits A (see

fig. 42), and to the time T^ taken to obtain the spectrum. Thus

°0.72 ^ A1 X T1
The count at the same energy in the spectrum gated on the
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1,02 Mev peafc Is proportional to the area under the 1,02 Mev

peak between limits B in fig, 42, and to the time T^ taken to
obtain the spectrtan. ^"hus

1.1

The spectrum of fig. 41, was therefore multiplied by 1.1 to

give the dotted curve in fig. 43, which wis then subtracted frees

th» spectrum in coincidence with 0,72 Mev. The resulting spectrum,

fig, 44, should give the y-rays in coincidence with the 0.72 Mev

y -ray free fro.:, all extraneous effects.

It was riot possible to apply a sirrilar correction to the

spectrum gated on the 1.02 Mev peak as this would require a spectrum

gated on the 1.43 Mev peak, Frcm fig. 42 curve (ii) it was found

that when the single channel analyser was set on the 1.02 Mev peak

almost 2/3 of the gating pulses it accepted would be due to X -rays

of higher energy, principally 1,43 Mevj this was borne in mind

when interpreting; fig. 41.

5.5. Interpretation of the Coincidence Spectra

y-ra.-.-s in coincidence with the G.?g Ley y-ray

The spectnan gated on the 0.72 Mev y -ray, fig. 44, has

peaks with energies of 0,4, 1.0, 1.45, 1.85, 2.45 end 2.5 Mev.

The 2.45 Mev peak has shoulders at 2.2 and 2.65 Mev,

C1.02 00 A2 Xf2

m
m 9
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The peak at 2.9 Mev is taken to be the full energy peak of
10

the 2.86 Mev B X-ray, with the shoulder at 2.65 Mev its Compton

edge and the peaks at 2.45 ana 1.85 Mev its escape peaks. It

should be noted that as the energy calibration of the spectra was

based on the positions of the low energy peaks, see fig. 36,
errors ~ 0.1 Mev are quite possible at the high energy end. Prom

comparison With ungated spectra of the y-rays and the 2.62 Mev
11

ThC Jf-ray it would seem that the height of the full energy peak

is rather low in relation to the Compton edge and single escape

peak. However this is probably explained by an impairing of the

resolution due to the inaccuracy of the energy calibration in this

region of the individual coincidence spectra.

The shoulder at 2.2 Mev is interpreted as the full energy peak
10

of the 2.15 Mev B X-ray. Its Ccmpton edge and single escape

peak would form a broad peak centred on 1 .85 Mev. This is super-

posed on the 1.84 Mev escape peak due to the 2.86 Mev X-ray, giving

a 1.85 Mev peak much higher than the escape peak at 2.45 Mev. The

presence of a 2.15 Mev X-ray in this spectrum cannot be explained by
10

the accepted B decay scheme, fig. 1, although it could be in agree¬

ment with a decay scheme involving; a level at 2.86 Mev (see fig* 30).
The only way to avoid this interpretation would be to assume that the

shoulder at 2.2 Mev is due to a "freak" statistical effect, and that

the excessive height of the 1.85 Mev peak is attributable to the fill

energy peak of a 1,85 Mev X-ray, A Jf-ray of this energy frcra
10

B has not been reported. The only place such a y-ray could be

fitted into a decay scheme involving previously suggested levels

would be from the 3,58 Mev level to the 1,74 Mev level, in which

position it would be in coincidence with both the 0.72 Mev and the

1.02 Mev X-rays. In
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the spectrum gated on the 1 .02 Mev -ray (fig. 41), which is

discussed below, there is no peak at 1.85 Mev, and there can be

little doubt that fig. 44 indicates coincidences between 2.15

Jfev and 0.72 Mev % -rays.

The remaining peaks in fig* 14 at 1.45, 1.0 and 0,4 Jfev are

10
taken to be full energy peaks due to 1.45, 1.02 and 0.41 Mev B

X -rays* These X -rays would all be expected from the accepted

decay scheme.
10

A level at 2.86 Mev in B could provide 0.72 Mev - 0.72 Mev

coincidences (section 4.1 and fig. 30)} there is no obvious sign

of 0.72 Mev X -rays in fig. 14.

Interpretation of the spectrum gated on the 1.02 Mev weak
~ " -

(figr 41)
There are peaks in fig. 41 at 0.4, 0.7 and 1.45 Mev and

shoulders at 1.0, 1.2 and 2.15 Mev. It should be recalled that

about half of the gating pulses in this case were due to 1.43 Mev

X -rays (section 5.4).

The low intensity plateau from 2.15 Mev down to the 1.45 Mev

peak is interpreted as being due to the full energy peak, Compton
10

edge and escape peak of the 2.1r Mev 1 X -ray in coincidence

with the 1.43 Mev 3"-ray from the level at 3.58 Mevj the valley

between the full energy peak and the Compton edge is unresolved

because of the poor statistical accuracy associated with the small

number of counts involved.

The peak at 1 .45 Mev and the shoulder at 1 .2 Mev are attri¬

buted to the 1,43 Mev X-ray, being respectively the full energy

peak and the Conrpton edge.

The shoulder at 1.0 Mev and the peaks at 0.7 and 0.4 Mev

are attributed to the 1.02, 0.72 and 0.41 Mev X -rays, the first
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of these being necessarily in coincidence with the 1,43 Mev if -ray,

This interpretation is consistent with the accepted decay

scheme of fig, 1, as 0,41, 0.72 and 1.43 Mev if-rays would be

expected in coincidence with the 1.02 Mev if-ray, while 0.41,

0,72, 1.02, 1.43 and 2.15 Hsv if-rays might occur in coincidence

with the 1.43 Mev if-rays.

A quantitative comparison of the gated and ungated spectra

is made in the following chapter.
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CHAPTER 6.
.

ANALYSIS OF THE RESULTS

10
Before discussing the B decay scheme a quantitative analysis

of the observed spectra is presented.

^ 10
6.1. The Relative Intensities of the B X -rays

The ungated spectra in figs, 9 and 31 were used to find the
9 10

relative intensities of the X-rays resulting from the Be (d, n)B
reaction at a deuteron energy of 600 Kev.

The line shape resulting from the detection of a X-ray within

the energy range covered "by the experiment could he sketched fairly

accurately, as the shapes associated with X-rays having energies of
13*70.66 lev (from 0s ), 1.1? Mev (from a coincidence spectrum

showing one of the X-rays from Go , e.g. fig, 29b) and 2.62 Mev

(from ThC^ ) are well known from many spectra obtained while testing
I

the equipment. Sin- le line spectra appropriate to the X -rays in

the spectrum shown in fig. 31 were drawn and. their relative intensi¬

ties adjusted until the curve obtained by summing them agreed as

well as possible with the experimental points. Pig. 45 shows the

result obtained} the line shapes of the individual X-rays are

shown dotted, the sum of the dotted curves is shown as a full line,

and the experimental points are circled. The agreement between

the observed points and the synthesised spectrum is very good,

only one point, in the valley between the 1 .02 Her and the 1 .A3 lev

peaks being noticeably off the curve. Pig. 45 does not include the
10 7

0,41 Mev B X-ray, or the 0.48 Mev Id X-ray. A more expanded

spectrum is necessary to separate the peaks caused by these two

X -rays, so the analysis of the low energy end of the spectrum
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was carried out on fig. 9, which shows only the 0.41, O.48 and

0.72 Mev peaks. Fig. 46 shows the experimental points from

fig. 9, together with the line shapes attributed to the X-rays

concerned and the curve obtained by summing them, which agrees

well with the points.

The relative intensities of the y -rays were found by measur¬

ing frees figs. 45 and 46 the area under the full energy peak of

each if-ray and correcting for the variation of detection efficiency

with energy from the appropriate eui-ve in Lazar, Eiavis and Bell ,

The results are given in the table below.

From fig. 46 the area under the 0.41 Mev peak is 0,41 times

the area under the 0.72 Mev peak, and this was used to calculate

the area appropriate to the 0.41 Mev y-ray on the scale of fig. 45.

The present measurements were made using 1^" x 1" Hal crystals with

the target 8 eras, from the front face of "tire crystal; the peak
(24)

efficiencies used were taken from a curve relating to a

lg-w x 1" crystal with a source distance of 7 cms. This curve is

drawn for energies up to 1.5 Mev only and the peak efficiencies for

2.15, 2.86 and 3*58 Mev !f -rays were obtained by extrapolation.

Lazar, Davis and Bell give a similar curve for the same size of

crystal, but with a source distance of 2.5 eras., and extending up

to 2.2 Kevj from this it is clear that the efficiency quoted below

for 2.15 Mev Jf-rays cannot be far wrong. There is unfortunately

no similar check on the values used for 2.86 and 3.58 Mev y-rays.

Published values of the relative intensities of the B^JC-rays
Q -jQ

from the Be (d, n)B reaction are included in the table for com¬

parison, although it should be noted that they were obtained with

a deuteron bombarding energy of 1,2 Mev, twice that used in the

present experiment.
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RelativeIntensitiesofthey-raysfromBe^(d,n)B^
PresentExperiment,E^=0.6Mev

Ed=1.
2lev

y-ray energy (ifev)

Areaunder fullenergy peak(fig.45) (Arb.units)

Rsak/n efficiency^y'
Relative Intensity %

Rasnsussen etal.d4) Eel.Int.*%
Ajzenberg.and Lauritsen Eel.Int.%

3.58

36

0.010♦

3-1

1.5

3-1

2.86

215

0.015*

12-5

4.6

10-3

2.15

98

0.022*

4-1

2.9

5-1

1.43

522

0.040

11-3

8.7

10-3

1.02

1,218

0.050

20-5

13

15-4

0.72

5,850

0.120

42i10

56

53 -14

0.41

0.41x5,850

0.270

7-2

14

5-1

Obtainedbyextrapolation Accuracyquotedas-withina factoroftwo.
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Raamussen, Hornj^c and Lauritsen^ ' ^, who used a magnetic

lens spectrograph to study the photoelectrons emitted by a thorium
10

converter irradiated by the B -rays, comment that their

intensities "may be in error by as much as a factor of two". The

intensities in the last column are those given by Ajzenberg and
(25)Lam-itsen , here converted into percentages* In their 1952

(25)
review , Ajsenberg and Lauritsen attribute these intensities to

the experiment by Rasmussen, Homj^k and Lauritsen^^ (1949) and

to Rasmussen's Ph.D. thesis (California Institute of Technology,

1950), so it is probably reasonable to assume that they are the

more reliable values, being based either on a reappraisal of the

earlier results or on a later experiment* Despite the difference

in bombarding energy, the present results are in good agreement vdth

w th

(14)

(25)
the figures given by Ajzeriberg and Lauritsen and follow the

general trend of the intensities given by Rasmussen et al.

6.2. Analysis of the fpectrum in Coincidence with the 0.72 Msv

-ray

The spectrum of the -rays in coincidence with the 0.72 Mev

8 -ray (fig. 44) was analysed in a similar way to the ungated

spectra* Fig. 47 shows the experimental points from fig. 44,

and the curve obtained by summing spectra appropriate to the various

8-rays present. It can be seen (as explained in section 5*5*)
that a contribution from a 2.15 Mev y-ray is necessary to explain

the intensity of the peak at 1.84 Mev, as well as to give good

agreement at 2,15 Mev. A small contribution due to a 0.72 Mev

-ray is included to improve the agreement in this region between

the synthesised spectrum and the experimental points. The
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"dot-dash" curve shows the effect of omitting this 0.72 Mev

contributionj taking the accuracy of the points and of the tf-ray

line shapes into account the agreement is not too bad and it is

doubtful whether a 0.72 Ifev contribution is needed to explain

the shape of the observed spectrum. The relative intensities

of the -rays in this spectrum, found from the areas under the

full energy peaks in the same way as for the ungated spectrum,

are listed below.

Relative Intensities of the ft -rays

in Coincidence with the 0,72 Mev y-ray

X -ray energy (lev) Relative intensity (^)

2.86 10 t 3

2,15 5-1

1.45 16 i 4

1.02 59 - 10

(0.72) (5*4)
0.41 26 i 10

The intensity of the 0.41 Ifev X -ray is less accura te as

the experimental points define only the higher energy side of

its peak (fig. 47).

The presence of a 2.15 Mev if-ray in this spectrum is

clearly at variance with the accepted decay scheme (fig. 1), but

could readily be explained by a level at about 2,86 Mev (fig. 30).
A small contribution to the coincidence spectrum from a tf-ray of

energy about 0.72 Ifev could also be explained by a level at

2.86 Ifev.
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If the decay scheme in fig. 1 were valid, all the 2.86 Mev

2-rays should be in coincidence with 0.72 Mev 8-rays, and all

the 1,02 Mev and 0.41 Mev X-rays should also be in coincidence

with 0,72 Mev 8-reys. In that case the relative intensities

of the 2.86, 1.02 and 0.41 Mev 8-rays should be the same in a

spectrum gated on the 0.72 Mev 8-ray as in an ungated spectrum,

provided that the intensities in the coincidence spectrum do

not depend on the angle between the detectors. The angular

anisotropics observed by Shafroth and Hanna^^ are not large

(~1O/0 and the error introduced by assuming isotropy is small

compared with the accuracy of the measurements. The table below

lists, for these V-rays, in column (1) the relative intensities

in the spectrum gated on the 0.7? Mev 8-ray, and in column (2)
the relative intensities in an ungated spectrum.

8-ray energy (1) (2)

2.86 Mev

1,02 Mev

0.41 Mev

10 i 3

39 2 10

26 2 10

24 2 6

40 2 10

14 2 4

Within the accuracy of the measurements the relative intensi¬

ties of the 1.02 and 0.41 Jfev X-rays may be the same in both

spectra, but only about half of the 2.86 Mev X-rays appear to be

present in the spectrum gated on the 0.72 Mev y-ray (column (l)).
91 \ 10

This could be explained if the Be (d, n;B reaction gave rise
10

to a 2.86 Mev excited state in B which decayed directly to the

ground state; it would be necessary to assume that about half of



the 2.86 Mev X-rays arose in this way and that the other half

were produced, in coincidence with a 0.72 Mev X -ray, by the decay

of the 3.58 Mev level.

The presence of a 2.15 Mev 3-ray in this spectrum, and the

evidence that only about half of the 2.86 Mev tf-rays are in

coincidence with 0.72 Mev 3-rays, provide strong support for the
10

existence of a 2.86 Mev level in B . However it is necessary to

consider whether these two features of the coincidence spectrum

could be due to an inaccuracy in the magnitude of either of the

corrections made tc the observed spectrum - the correction for

random coincidences or the correction for the acceptance by the

gating channel of pulses caused by electrons Compton-scattered

by higher energy X-rays.

An error in the correction made for random coincidences could

not explain the above effects. If the correction made for random

coincidences was inadequate, a further subtraction of a spectrum

of the ungated shape would have to be made from the coincidence

spectrum. This would reduce further the fraction of the 2.86 Mev

JT -rays observed in the coincidence spectrum and would in any

case introduce an unacceptable valley at 0,72 Mev. An excessive

correction for random coincidences would mean that the contri¬

bution at 0.72 Mev and 2.15 Mev should be even larger.

A further correction for the effect of pulses caused by

higher energy y-rays being accepted by the gating channel would

result in a similar unacceptable valley at 0.72 Mev, whereas again,

if the correction is already too large, the intensities of the

0.72 Mev and 2,15 Mev X-rays should be increased.
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A combination of the correction for random coincidences too

lar.ce vdth the other correction too small could perhaps cause the

effects under consideration, but the error in each case would have

to be at least a factor of two or more, and errors of this magni¬

tude are decidedly unlikely.

Fig. 47 thus seems to provide definite evidence for a level
A r\

at 2.86 Mev in E .

6.3. Analysis of the Spectrum Gated on the 1.02 Mev Peak

The spectrum gated on the 1 .02 Mev peak, fig. 41, was

analysed in the sane way as the spectra discussed above; the

result is shown in fig. 48. The agreement between the synthe-

sised curve and the experimental points is good, with only two

points, at 0.85 and 0,90 Uev, noticeably off the curve. The

relative intensities from fig. 48 are listed below.

Relative intensities of the E-rays in the Spectrum

Gated on the 1 .02 Mev Beak

y -ray energy (Mev) Relative intensities (fc)

2.15 6 1 2

1.43 10 1 3

1.02 17-4

0.72 53 * 13

0.41 18 1 8

It should be recalled that in obtaining this spectrum about

half of the gating pulses were due to 1.02 Mev X-rays and half to

1,43 Mev y-rays (section 5.4.) This spectrum is consistent with
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the decay scheme in fig. 1, According to it the 1.43, 0.72

and 0.41 Mev X-rays would be in coincidence with the 1.02 Mev

X -ray. and all the t -rays observed would be in coincidence

with one or other of the 1.43 X-rays,

6.4# Relative Intensities of the Neutron Groups from the

Reaction Be^(d. n)B1°.

If the angular distribution of the neutrons from the

Be"^(d, n)B^ reaction is isotropic, the relative intensities of

the neutron groups in & spectrum give the probabilities for the

formation of the corresponding levels in B^°. The relative

intensities were found of the groups in the spectrum (fig. 2) of

the neutrons emitted at 0° to the deuteron beam. On the assump¬

tion -that any anisetropy is small these intensities, tabulated

below, are used later to ensure that decay schemes that are

consistent with the y-ray spectra are also consistent with the

neutron intensities. Hie relative intensities obtained by other

workers, at different "bombarding energies, are listed for

comparison.
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Q <J Q
Relative Intensities of the Neutron Groups frcan Be?(a- °)b'"

(from the spectrum "by Karadeniz, fig# 2. E = 0.6 Mev)

Energy of .n
level in B

(Mev)

Relative
intensity

Relative intensities observed

by other workers

Rruitt et al^2"^
E, = 0.94 Mevd

Ajzenberg^5^2^
E^ = 5.4 Mev

0 17-4 38 49

0.72 00
+
»PS 43 46

1.74 13-3 7 10

2.15 22 t 5 24 19

(2.70) (8 ± 2) - -

(3.20) (4-1) mm -

3.58 20 t 5 26 26

The intensities of the groups corresponding to the excited
10

levels of B follow the same general trend in all the results,

although the ground state -would seem to he excited less strongly

at the lower bombarding energy. This also seems to be the case

(7)
in the spectra shown by Eyer and Bird (E^ = 0,6 Mev), although
they do not quote relative intensities. The intensities obtained

by Eruitt et al, were based on spectra obtained at angles from 15°
to 140° to the deuteron beam and those of Ajzenberg were obtained

at angles between 0° and. 80°, so that these results should take
a-

. •

some account of the anisotropic distribution of the emitted neutrons.

It is reasonable to expect the anisotropy to become less at the

lower bombarding energy used by Karadeniz, as at least the effects

due to stripping should be reduced. The idea of making a

correction to the intensities from Karadeniz's neutron spectrum
(9)based on the angular distributions obtained by Green et al.
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("bombarding energy 860 Kev) was investigated, but it did not

improve the agreement with the other results in any way, and in

view of the difference in the bombarding energies used in the two

experiments such a correction would be of doubtful validity.

As only the intensities of the groups corresponding to the

excited levels are used for comparison with the proposed decay

schemes, the reasonable agreement between the intensities of these

groups, despite the different bombarding energies, encourages the

belief that the u-e cf the values from Karadeniz's spectrum,

taking into account the accuracy quoted, will not lead to any

substantially wrong conclusions.

6.5. She Decay Scheme

It is clear from the discussion of the spectrum in coincidence
10

with the 0.72 Mev y-ray that a level in E at 2.86 Mev is

necessary to explain the results obtained. This would seem to be

the only modification necessary to the accepted scheme in fig. 1,

so a scheme of the kind, shown in fig. 3° is considered.

Of the transitions that could involve the 2.86 Mev level, only

the transition to the 1,74 Mev level, which would give a "tf-ray of

energy 1,12 Mev, can be immediately ruled out. There is no evi¬

dence for a y -ray of this energy in any of the observed spectra.

The y-ray transition from the 2,86 Mev level to the ground state

must be included, because of the evidence that all of the 2.86 Mev

X -rays are not in coincidence with 0.72 lev X-rays. The

possibility of a 0.72 Mev y-ray between the 3.58 Mev and 2.86 Mev

levels, and an energetically indistinguishable 0.71 Mev y-ray

between the 2.86 Mev and 2.15 Mev levels, could only be rejected

if there were definitely no 0.72 Mev - 0.72 Mev coincidences
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observed. The occurrence of either or both of these 2f -rays

must be considered. The "upper" of them (between the 3.58 and

2.86 Ifev levels) followed by the 2.86 Mev if -ray to the ground

state could possibly be responsible for the observed 0.72 Ifev -

2.86 Mev coincidences, in which case the 2.86 Mev transition

between the 3.58 Mev and 0,72 Mev levels might not occur at all.

Likewise the observed 0.72 Mev - 2.15 Ifev coincidences could be due

to either the 2.14 Mev if-ray transition between the 2.86 Mev

and 0.72 Mev levels followed by the 0.72 Ifev if-ray to the ground

state or the 0.71 Mev if-ray transition between the 2.86 Mev and

2,15 Mev levels followed by the 2.15 Mev if-ray to the ground

state.

Ibssible decay schemes embodying these possibilities are

outlined below, and the agreements they give with the observed

if -ray and neutron-group relative intensities are discussed.

Decay Scheme I

Pig. 49 shows one possible decay scheme, which includes all

the possible if-rays except the 0.71 Mev transition between the

2.86 Mev and 2.15 Ifev levels (which is indicated by a dotted line).

The number beside each transition indicates its relative intensity.

The relative intensities of the neutron groups that fit the decay

scheme are shown at the right hand side. The table below compares

the relative intensities resulting from the decay scheme with

those observed.
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RelativeIntensitiesi'ro;riDecaySchemeI.
y-rayintensities

neutrongroups

-ray energy (Mev)

Ungatedspectrum
Gatedon0.72Mev
Gatedon1.02Mev

B10 level (Mev)

Decay scheme intensities
Observed intensities (Karadeniz)

Decay scheme

Observed
.Decay scheme

Observed

Decay scheme

Observed

3.58

2$>

3-1?S

0%

Qfo

Ofo

3.58

19^

20-5^

2.86

10

12—3

10

10-3

0

0

2.86

12

8—2

2.15

4

4-1

3

5-1

2

6-2

2.15

19

22-5

1.43

9

11-3

20

16—4

11

10t3

1.74

15

13-3

1.02

18

2015

45

39-10

6

17-4

0.72

36

34-8

0.72

48

42-10

1

5-4

55

53-13

0.41

9

7-2

23

26t10

26

18—8
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In the column listing the observed intensities of the neutron

groups from Karadenis's spectrum, the value quoted for the 2.86

Mev level was that observed at 2.7 Mev. The intensities from the

decay scheme for comparison with the spectrum gated on the 1 .02 Kev

peak take account of the fact that the observed spectrum is really

$ combination of equal contributions from the spectra in coincidence

with the 1 .02 Mev and the 1.15 Mev 8'-rays.

This decay scheme gives good agreement with the relative

intensities observed in the ungated spectrum, in the spectrum in

coincidence with the 0,72 Mev 6 -ray, and with the intensities of

the neutron groups. It only disagrees appreciably over the

intensity of the 1 .02 Mev -ray in the spectrum gated on the 1.02

Mev peak. In this decay scheme the agreement over this point

could be improved only by considerably increasing the intensity

of the upper 1.1-3 Mev jr-ray (between the 3.58 and 2,15 Mev levels)
at the expense of the lower one. The agreement would still not be

very good, even if the lov/er 1 .13 Mev -ray were emitted, and

this would spoil the agreement in the intensities of the neutron

groups corresponding; to the 3.58 Mev and 2.15 Mev levels. More

important, the presence of 1.43 Mev - 1.13 Mev tf-ray coincidences
(16)

is well established by Shafroth and Hanna .

The weak 0.72 Jfev transition between the 3.58 Mev and 2.86

Mev levels could be doubled in intensity without spoiling the

agreement with the observed intensities. If it is omitted there

is no explanation of the small number of observed 0.72 Mev - 0.72

Mev coincidences.

If a weak 0.71 Mev transition between the 2.86 Mev and 2.15

Mev levels is included as an addition to the scheme shown, it
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would tend to spoil t e agreement in the intensities of the

neutron groups associated with the2.86 Jfev and 2.15 Mev levels,

by increasing, the intensity of the former and reducing that of

the latter. Altering the intensities of other transitions to

compensate for this produces other discrepancies, although an

intensity" of about 1^ of the total number of tf-rays for this

0.71 Mev transition cannot be definitely ruled out • hence its

inclusion as a dotted line in the decay scheme. An intensity of

about l$> would be required for this transition if it were to

explain the observed 0.72 Mev * 2.15 Mev coincidences, ana the

explanation adopted in the decay scheme is therefore preferable

(i.e. 2.14 Mev 2f-ray between 2.86 Mev and 0,72 Mev levels

followed by 0.72 Mev V-ray to ground).
The intensity of the upper 2.86 Mev tf-ray (between the

5.58 Mev and 0.72 Mev levels) cannot be increased above the

value shown.

Decay Scheme II

A satisfactory decay scheme can be devised (fig. 50) in

which all the 2.86 Msv 3"-rays occur between the 2.86 Mev level

and ground.

The table below compares the re3a tive intensities from this

decay scheme with those observed.
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The agreement between the observed intensities and those

derived from the decay scheme is generally goodj the largest

disagreement is in the case of the 1.02 Mev tf-ray in the spectrum

gated on 1.02 Mev. This was also the point of worst agreement

in decay scheme I*

As in the case of decay scheme I there is nothing to be gained

by including a 0.71 Mev X'-ray transition between the 2.86 Mev

and 2.15 Mev levels, although one with an intensity of about

of the total number of y-ray transitions cannot be definitely

excluded. It is not shown, as decay scheme II is intended to

produce a satisfactory explanation of the observed intensities with

the minimum necessary number of transitions.

Both decay schemes fit the results equally well and on the

data available there is no way of deciding between them. In going

from decay scheme I to decay scheme II, the intensities of four

transitions are altered} provided they are altered in step v,dth

one another they can have any intermediate value between the limits

set by these two schemes, without spoiling the agreement with the

observed intensities. This is summarised in fig. 52.

Evidence for a level at about 5.2 Mey

The neutron spectrum due to Karadeniz contains a weak group

10
that could correspond to a level in B at 3*2 Mev. In the J"-ray

spectrum gated on the 1.02 Mev peak, the excess of the intensity

of the 1,02 Mev JT-ray over that deduced from the above decay

schemes might, suggest that there are 1.02 Mev - 1.02 Mev y-ray

coincidences. This would be possible if there were a level in

b""* at 3.17 Mev giving 1.02 Mev transition to the level at 2.15

Mev and so producing a 1.02 - 0.41 - 1.02 - 0.72 Mev cascade (see
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fig. 51). However such a cascade -would also cause the 1 .02 Mev

tf-rey in the spectrum in coincidence with the 0,72 Mev ^-ray

to have an intensity in excess of that predicted by the decay

schemes, and this as not the case. Further, to attribute an
- ' (5 1: - " "i " * *f

appreciable intensity to any of the possible X-rays involving

a 3.17 Mev level (fig. 51) makes good agreement between the decay

scheme and the observed intensities of the neutron groups impossible

to achieve without introducing, other discrepancies.
,

Thus there is no good evidence from the X-ray spectra for

a level near 3.2 Mev and it is assumed that the corresponding

group in the neutron spectrum must have some other explanation.

It may be, for example, that there should be only one group in this

region of the spectrum corresponding to a level at 2.86 Mev and

that because of the poor statistical accuracy of the observed points

it has by chance taken on the appearance of two groups, one on

either side of the true position. If this explanation were valid,

the intensity of the neutron-group corresponding to the 2.86 Mev

level would be increased to 12$j this would not affect the agree¬

ment between the observed intensities and those deduced from the

decay scheme in fig. 52.

6.6j Conclusions from the Experiment

The X-ray coincidence spectra provide definite evidence for
10

a level in B at 2.86 lev, and the decay scheme presented in

fig. 52 provides a good explanation of the observed relative

intensities of the JT-rays both in the gated and ungated spectra.

This decay scheme is also in agreement with the relative intensi-

ties of the neutron groups from this reaction observed by Karadeniz,

at the same bombarding energy. The accuracy of the relative

intensities quoted in fig. 52 is probably about - 50??# although
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the intensities of the 1.02 Mev and the stronger 0.72 Mev tran¬

sitions are possibly more accurate, say - 2f$.
It is possible to speculate on a spin assignment for the

(17)2.86 Mev level. The generally accepted spin values for the

other levels are shown in fig. 52. Spin values of 0 or 1 for

the 2.86 Mev level seem unlikely as they would make the transition

to the ground state the least favoured. A spin of 2 might be

possible as it would lead one to expect the transition to the 1.74

Mev level to be inhibited relative to the transitions observed.

Similarly a spin of 3 might be acceptable. A value of 4 is less

likely as it would make the transition to the ground state the only

probable one. Spin values of 2 or 3 are therefore tentatively

suggested.
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CHAPTER 7.

DISCUSSION

10
The conclusions reached about the B decay scheme are here

compared with those derived from previous experiments.

Hie coincidence spectra obtained by Shafroth and Hanna^^,
which they cited as evidence for the decay scheme in fig. 1, do

not differ significantly from the corresponding parts of the

spectra resulting from the present experiment. However, as ex¬

plained in section 4.5, their equipment made it difficult for them

to study the low intensity parts of a coincidence spectrum, or to

attempt accurate quantitative comparisons. In their spectrum

of the X-rays in coincidence with the 0.72 Mev X-ray they show

only the energy range 0.2 - 1.1 Mev and not the lower-intensity

higher-energy end, which was the part of the spectrum that yielded
10

evidence for the 2.86 Mev B level in the present experiment.

Some published spectra of the neutrons from the Be^(d, n)B^
reaction would support arguments for the existence of a level at

10
2.86 Mev in B , while others would not. It may be significant

that the spectra that do show a neutron group corresponding to

such a level were obtained using a lower deuteron bombarding energy

than the others. The spectra, due to Karadeniz, which have been

referred to frequently, were obtained with the same bombarding

energy as was used in the present experiment, 600 Kev. This was

(7)also the energy employed by Dyer and Bird , who obtained neutron

spectra at three angles to the deuteron beam, each of which showed
10

a group that could be attributed to a level in B at 2.85 Mev.

Dyer and Bird(7) drew attention to similar weak neutron groups
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in the spectra obtained at low bombarding energies by Staub and

Stephens^^ and Bowell^^. It must however be admitted that

these groups are of very doubtful statistical significance, as

(8)
are those corresponding to a 2.9 Mev level observed by Reidv '

0 0
in spectra obtained at 0 and 90 to a 750 Kev deuteron beam. It

should be noted that Reid and Xaradeniz both used the seme beryl¬

lium target in their experiments? a different target was used

in the present work.

Of the neutron spectra that show no group corresponding to a

2.86 Mev level, that obtained with the lowest bombarding, energy

(9)
is due to Green, Scanlon and Willaaott who employed 865 Kev

deuterons. There is no evidence for a 2.86 Mev level in spectra
(6)

by Rruitt, Sw&rtz and Hanna , who used 950 Kev deuterons, nor
(5)

in the results of Ajzenberg who employed a bombarding energy

of 3.5 Mev.
(11)

Bockelman et al» ' who studied protons and deuterons
10

inelastically scattered by B found no suggestion of a 2.86 Kev

level.

7 10
The Li (#S, n)B reaction has not been studied at sufficiently

10
high oc -particle bombarding energy to enable any B levels above

that at 2.15 Mev to be observed^^ aZla ^) •
There seems to be no obvious and truly satisfactory explan¬

ation for the detection of the 2.86 Mev level only at low bombard¬

ing energies. There is however another similar feature in the
10

behaviour of the B nucleus that requires explanation. The

experiments on the Id n)B^, reaction^^^ both lead one

10
to expect a level at 1 *3 Mev in B , which has not been observed

from any other reaction.
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The energies and spins calculated for the firstfbur excited
10 (19)

states of B "by Kurath ' agree quite well with those observed

for the 0.72, 1.74, 2.15 and 3.58 Mev levels and there is no

suggestion from these "intermediate coupling" calculations of a

level near 2.8 Mev*
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CHAfTER 8.

HIOPOSALE FOR FUTURE EXFEBB5EKTS CK B10

9 \ 10
A spectrum of the neutrons from the Be (d, n)E reaction

10
provides inl'ormation on the energy levels of B . which requires

less interpretation than do the results of a coincidence experiment on

the % -rays. To study further the postulated 2.86 Mev level in
10

B it would seem desirable to observe its neutron group in a

spectrum of good resolution (at least as good as that obtained by
(9K

Karadeniz or by Green et si. ) and of statistical accuracy con¬

siderably exceeding that which can reasonably be obtained using

emulsion techniques. The requirement of statistical accuracy

indicates an electronic system, and a time-of-flight spectrometer

would be likely to provide the best resolution. With such an

instrument it would be quite feasible to obtain spectra at several

bombarding energies to find whether the level is excited only at

low energies.

A spectrometer similar to the one described by Batchelor and
(26)

Towle would be suitable. The idea is to obtain the velocities

of the neutrons, and therefore their energies, by measuring the

tin® taken by them to traverse a fixed distance. In order to

discuss the modification that would be necessary to the system

used by Batchelor and Towle to make it suitable for use with an

H.T. set, the working of their instrument is outlined briefly.

The beam of bombarding particles is pulsed so as to strike

the target in very short bursts. A "zero-time pulse" indicates

the arrival of the beam on the target, i.e. the time at which
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neutrons are emitted, The electronic equipment measures the time

interval "between the arrival of this pulse and a pulse from the

neutron detector at the end of the flight path, and feeds out this

information as a pulse whose amplitude is proportional to the time

interval, A multichannel kicksorter is used to give a spectrum

of the flight times.

An H.T. set has inevitably a ripple voltage superimposed on

the accelerating potential which would cause the beam, after

deflection by the analysing magnet, to sweep the target at the

ripple frequency (200 c/s in the case of the Edinburgh set). In
(26)

the spectrometer described by Batchelor and Tov/lev ' , which was

used with a Van de Graaff accelerator, the beam is pulsed by

passing between deflector plates to which is applied a sinusoidal

potential of about 10 KV amplitude and frequency 2,5 Mc/s, and the

zero-time pulse is derived from this r.f, voltage, Thus in a

spectrometer with a similar pulsing system used with an H.T, set

the beam would sweep the target with a combination of the motions

due to the r.f, deflection and the ripple voltage. Under these

circumstances it might be preferable to obtain the zero time pulse

by detecting the if-rays emitted when the beam strikes the target.

This should be quite satisfactory as the level in B10 with the

longest lifetime is probably the 0.72 Mev level with a lifetime of

10 J seci^^, which is quite short compared with the time (10 ^
sec,) for the most energetic neutron (5 Mev) from this reaction to

travel a distance of 3 metres, which is a reasonable length for a

flight path. To use the -rays as an indication of the time of

emission of the neutrons would have the additional advantage to a

University laboratory that only one hundred-channel kicksorter

would be required, instead of the two used for the experiment of
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reference 26.

The principal improvement that could be made to the if-ray-

spectrometers for a future experiment would be to use larger crystals,

with the Jf -rays collinatecl to strike each crystal in a narrow beam
'

along its axis. The spectrometers would then have an improved

peak efficiency and each full energy peak mould be much sore promin¬

ent than its associated Compton edge and escape peaks. The inter¬

pretation of the spectra would be more reliable as a much smaller

correction would be required for the unwanted pulses accepted in

the gating channel. A -ray spectrometer with a larger crystal

ndght also separate the 2.15 Mev peak from the escape peaks of

the 2.86 Mev if-ray sufficiently to enable a spectrum gated on

the 2.15 Mev if-ray to be obtained. In improvement by a factor
-

of not more than four could perhaps be obtained in the coincidence

resolving time, and would reduce the correction for random

coincidences.

A study of the neutron spectrum should probably take precedence

over a further study of the if-rays, although a combination of

accurate neutron spectra at several angles to the deuteron beam,

with good if -ray coincidence spectra should enable the relative

intensities of the if-ray transitions to be determined.

The idea of observing the spectrum of the if-rays in coinci¬

dence with each of the neutron groups is attractive. Unfortunately

the experimental difficulties are very large, because any neutron

spectrometer with a worthwhile resolution is very inefficient. A

high beam current of deuterons could be used to get the maximum

counting rate in the neutron spectrometer but this would probably

result in a if-ray counting rate so large as to give considerable
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distortion of the spectrum. However, if a time of flight spec¬

trometer were constructed and a suitable X-ray spectrometer

were at hand, it might be interesting to set up a delayed coinci¬

dence system to attempt to observe the X-ray spectra in coincidence

with even some of the neutron groups, although in view of the

difficulties, really good coincidence spectra are hardly to be

expected.

A relevant experiment that would require less complex equip¬

ment would, be to obtain the oit-particle threshold energies for
7 10

slow neutron production in the Li (oC , n)B reaction, studying

particularly the regions that could give evidence for 2.86 Mev
10

and 1 .3 Mev levels in B . Spectra of the X -rays could also be

obtained with oc -particle bombarding energies chosen to excite
10

the B nucleus up to each level in turn. It would then be

interesting to seek evidence for X -rays involving the 1.3 Mev

level, which has so far been observed only in studies of the neutrons

The Q value for the production of the ground state of B1C5 is about
(12 13)

-5 Mev * and sc a source of <=c -particles of energy about
10

10 Mev would be required to excite the B nucleus up to about

3 Mev.
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