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ABSTRACT

* 9 33 
A study of the nuclei 09 , Be and Cl has been made.

These nuclei hare been investigated by observing the neutrons 

emitted during or after their formation by charged induced 

reactions. The neutron energies have been measured by the 

"time of flight* technique, using both the pulsed beams and 

associated particle methods.

The first chapter contains an outline of the Distorted 

Wave Born Approximation and the application of this theory 

to the calculation of the angular distributions of neutrons 

emitted froa a (p,n) reaction, which is treated as a special

case of inelastic scattering, and also from the single and
3 double stripping reactions (d,n) and (He ,n).

In Chapter II is a description of the pulsed beam and 

associated particle time of flight techniques. A detailed 

account of the design, construction and sode of operation 

of the bean pulsing device used for the (p,n) experiments 

is given. Also included is a description of the neutron 

detector used together with an account of a method of pulse 

shape discrimination against ga&aa rays.

The reaction x,i (p,n)6e is reported in Chapter III. 

The reaction has been studied using the pulsed be&ia method
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with proton energies ranging fro® 7 HeV to 18 fceV. At
6 all incident energies the ground state of Be was excited,

For incident energies between 10. o arid 11.3 ^«v there was 

evidence for an excited state In Be at 1.7 HeV. , -easurements 

witn proton energies between 15*^ <&•& 18. w tie." confirmed 

this. The excitation and width of t, ie first excited state 

has been found to be : 

K_ « 1.67   0.05 HeV; P « 1.18 t O.c7

At incident energies of 16.55 and 18.- MeV evidence has also
6 been found for a second excited state in Be at an excitation

of about 3 f.eV. Angular aigtributione for the ground state 

neutrons have been measured at incident energies of d«3, 

9*o § 9.6 t 10.u f lu.5 f 15.u, 16.55 and 18.0 neV f and for the 

first excited state at 15.^ HeV. ihe angular dietributiona 

measured at lo.5 HeV and below could be fitted very well by 

a series of the first three Legendre polynomials, ar.u have 

been interpreted in terms of compound nucleus theory. It

is concluded that for these energies the reaction proceeds
7through two interfering states in Be' at about 10 f.eV 

excitation with spine of t and 3/2 * An attempt has been 

made to explain the results obtained at 15.- fteV and atove 

in terms of a direct reaction theory. The direct reaction



theory however gave no semblance of & fit. Calculation 

have been @ade In tanas of pure phase apace considerations 

in order to explain the nature of the neutron continuum seen 

in the reaction. It la concluded that the continuum arieet 

chiefly from the four body break-up reaction

6 k I*i + p -* Ke * p  *  p  *  a

with a small contribution fro® the reaction

6 5Li * p -* Li + p + n .

An experiment performed to study the neutron decay of
9 o 

excited states in Be populated by the beta decay of Li is

reported in Chapter IV. The neutron energies were measured 

by the associated particle time of flight technique. It

has been found from this experiment that the beta decay of
9 Li populates not only the ground state and 2*1(3 ^eV state of
Q

Be , but also states at 3.35 and i*,6 HeV, These two states, 

which have not previously been observed, have been given

spin assignments of $ and g~, Assuming that the beta
9 9 decay branching ratio of Li to the 2.1*3 M«V state in Be is

20 per cent, the branching ratios to the 3.35 an& ^»6 i eV 

states is found to be (7 - U) per cent and > 1.5 per cent, 

compared to shell model predictions of (1C - 2} per cent and
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(12 t 3) per cent.

Finally, in Chapter V is reported the reaction
31 3 33P (He ,n)Cl , This experiment was performed to measure

the spin of the first T » 3/2 state in Cl3 -3 . Frees the 

angular distribution of the neutrons, which is characteristic

of ac L « 0 angular momentum transfer, the spin of the
+• 

analogue state has been found to be J . In addition
tentative spin assignments of 3/2 and i have oeen ^.

33to two other states in Cl' at 6.3^ and 7.h5 < eV respectively.
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C !i A i- T EH

AC TI Oti

The term "nuclear reaction" Is applied, to a variety 

of processes i?.v jlvir^ tho collisions of nuclei. In a 

typical nuclear re .ction a ^article x collides with another 

particle A and as the result f ;:oi o interaction ;/vtweejs 

them two new particles y ^nd B are -TO ;uced. such a ,-ruccss 

can be written as

x « A -* y + D 

or as tl (x,y)B

i'he incident and ojt £j ,>ln^; ^articles x arid y ^ro usually 

light ..uclei such as ;>rolo;.x t rseatrons, deut-uro;,;; or helium 

nuclei while- the ^ai-,,et and residuu, nuclei .. a.id & ^re

generally MOuVier. .'-xafi.j.'ice - i' r.uclear rc'..,,ciio:,r.. a:-

LI (p t n);je , ii (t,p)Li und i " (lie ,n,~l . ..uclear re,.otions
may also leau t.. ore tr^.n two final nuclei, .-"'or ex-i'.;,lc

6 the reaction IL : eV protons onto * i can lead to the follov.-ir^
666 56 it re .'.ct ions :- .1 (p,n)i)e , :,i (p f pn)-i arid :i (p, 'pn;iie .

x ;.;;,.i y 2iay ulso be iae;il.ict,l -.i-Lioles i.. wi.ich 

case we have a ro.i,ction k;;own an ^cu



A reaction A(x»y)B can generally proceed in many ways. 

The partiole x can Interact with the nucleus A as a whole 

and get captured by it to form a compound nucleus, its 

energy Is quickly shared among all the constituent aucleans 

in A well before any re-emission can occur. The compound 

nucleus (A + x), which is left in an axeiced state, eventually 

breaks up into particles ft and y. A reaction which proceeds 

by this fflechar;isra is Known as a "compound nucleus" reaction. 

Another way in which the reaction <t(x,y)B can proceed is 

by what is known as a "direct reaction" mechanism, in this 

the particle x can interact with just one <_f the nucleons 

in A and in aoing so can knock particle y out of o, being 

captured itself, or else be scattered back away from A. 

v,l tentatively, it can capture a nucloon or a cluster of 

nucleons froa .-, to forn. a composite particle y. another 

possibility occurs if x itself is a composite particle, when 

the target A ca;'i capture 0-0 or ;:;ore of trie constituents of 

x leaving the remaini*v: particle to escape. JKose processes 

are characterized by the fact tr.at a co;»:pom,a nucleus (A + x) 

is not formed.

It is by the study uf nuclear reactions that the 

structure of Morale nuclei c.-.r be i;ivesti t> .ted. In a reaction 

the residual nucleus B co.^ b>. left in an excited state, and



by measuring the energies of the outgoing particle y and 

froa a knowledge of the total energy of the systen one can 

determine the energy level structure of the nucleus B» If 

the reaction proceeds via a coapound nucleus, one can Investi­ 

gate the structure of the compound nucleus by measuring the 

reaction cross section as a function of incident particle 

energy. Spins and parities of nuclear states can be (letter* 

alaed from studies of the angular distributions of the emitted 

particles. In general compound nucleus reactions yield 

information about the compound state while direct reacaions 

yield information about the residual nucleus.

In this thesis we will be using both compound nucleus 

theory and direct reaction theory. Jhe results of the re­ 

action Li (p,n)Be obtained with incident prctor. energies 

below 11.3 fc*** will be interpreted in terss of the compound 

nucleus theory. The compound nucleus fc-r&ed by this reaction 

is Be . for incident energies above 15.'- i-ev the compound 

nucleus theory uoes not appear to explain the results, and 

for tr.es© a o.irect reaction mechanism is assayed. i.'ne results 

will be compared with the pre ictijns >f a .;ireei reaction 

model which treats the ^recess as a special fv.rv- of irielastlc 

scatteriftg. we shall also be usin^ a uirerct rei^ctioi. theory 

to interpret the results < f tho reaction t- (He ,n)wl .



The direct reaction applicable to tills case is one known

as stripping* The target nucleus stripe off and captures
3 the two pro tone in the incident He nucleus as it brushes

past the target* leaving the neutron free to escape. In the 

next section is ,,iven an outline of the distorted ware Born 

approximation direct reaction theory, together with ita 

application to Inelastic scattering reactions and stripping 

reactions*

f direct

A class of reactions known as airect reactions has 

become a good source of information about nuclear :-' true cure. 

These reactions are characterised by proceeding on a very 

short time scale without the formation of a compound nucleus, 

Examples of direct reactions are inelastic scattering and 

stripping. The first can be pictured as occurring when an 

incident nucleon enters the nucleus, collides with a target 

nucleon, loses some energy ana then proceeds to escape from 

th® nucleus. In a stripping reaction, for- example a (d,p) 

reaction, the incident deuteron brushes past the nucleus 

and in aoii:^ so the loosely bound neutron is captured by the 

target. The proton carries on, ueing scattered by its 

interaction with the captured neutron.



The transition amplitude for a reaction i -» f or 

AU,b)B is

VJ/(jL) Is the total wave function of the systeni in 

which a particle a is incident on a target n with a wave 

vector £, . it is fche solution o; t,;,e Schrodin^er equation

H 2 u/

where H is the total Hamiltonian of the system, 

^'r (&f) 1® tiie wave function that uescribes the ^oc-ion  , f 

the two product particles iifter tne interaction, namely t;,at 

of a particle b being scattered by the reside  »! nucleus ^.

fIt is an eigenstate of the iia;«dlt,oaian H Q vfhicji fj ives

such a .•aotiO". ( i.e.,

_r

V^. is the interaction which induces the transition i -* f 
and is related to u by

H - hj * /f 

H ^<ay also be ciecosiposed into Ho -« vj_ /-here U is the



Hamlltonlan which represents elastic motion in the incident 

channel, and \^ is the remaining part of H, ana is the 

interaction which induces trims it ions into all oi<«!. channels 

(except the elastic scattering channel).

The distorted wave Born a..jroxiauatiori is introduced 

by r'-^iacing VU (JL) in the expression for the transition 

amplitude by #i(k«)» the wave function for the elastic 

scatter!.'^ in channel 1. In other words the complete wave 

function is writer as

Vy (Kj) * $« (iLi) "** f outi/^ir!, waves in other channels!

and in the .;orrt approxi- ition we assume that

f ) ^< outgoing waves in other channels! -<; 0.
(. J

i'ne physical meat.ing of this approaraation is that the 

coupling i' the incident chaiinel to otJter cha-'-nolB is aseuiried 

to be a..all, so .nut all otr.or cross sections ai'o si.iall 

compared, to the cross section for the transition i -> i'. The 

tr^r.sition amplitude for the tr ..nr.ition i -> f in Die u. .u.,-., 

o&i, therefore oe written as

^f \£f)

where tue superscripts ( + ) aad (-) denote incoraii,,, and out­ 

going wave boundary conditions. The uifTerential cross



section for the reaction oan b« expressed in terms of

d<r BI «f kf

d.,

where the sum IB ovor z components of angular .aouyntuia in 
the final state a.; A; a^. average over those in the initial 
stiite, and the M'e are the reduced n.asses for ti.e ii 

and final pairs ' f particles.

i-lie v.ave functions / and )^ c<u:i be written as

and
(-) U)

where "N/ "V "V "V are the internal wavefunctions «if ^a ^-H A-b A-i-
ti:e yurticlee a, A, b af.ti ", a// the l^ (i_t£> -^"^ distorted 
waves wrich describe the relative .notlo., it tue c- trance 
ana exit cJiUfrielG, IV.ese are Coal cub waves l;.cicle.,t in ihe 
direction k. t/c^cfchor ."ith out^-, ir^ s.-^ierical waves ^c^tt 

by the J.'.>ulo".,b field t ;lue spherical waves i:,cat.L«red b^' the 
optical . uc-lear -ote^tial. ^.Oj ..:••-: u^^ally ^..i -rate^ by 

solving the Schrodi.'.^er e .uition f..r an optical o<.e;;tial



which reproducer the observed elastic scattering at the 

energy; I.e., the waves satisfy the equation

k2 - , [u(r)

where L(r) is the optical potential, Uc (r; Is the Coulomb 

potential ami H is the reduced r.iuss -f the p^ir or inter­ 

acting particles.

The f .. r a ui the transition air.pl itude for the reaction 

Mat b)B Co.-; now be written as

i:<e f-..ct.or ^ b,b I V I ^ ,a \ is known as l..c nuclear for-ra 

fuctor and its J;:iven by

A,a\ «

Fwhere > represents ail c ordln., tec indcp^.-jdent of
It is therefore a function of rg and r, and cout.iins

all trie inforn; -.tion on t.uclear structure, angular 
selection r^lb.s aiiu ever ti.e type • f readier; bein^ 
c on:-: id c- red ti.e., whet/:tr ;;tri,;pj -, ., ijielaatic scattering 
etc. ; .



The general treatment .;f this jruelear form factor is 

given In a paper by Satchler [Sa 6k]. Her© the matrix 

element is expanded into terms which correspond to the trans 

fer to the nucleus uf a definite amount of angular coraentum 

J, which in turn is comprised of an orbital part L and a 

spin part S, whore

£ » J£B - sU J si   s^ - > 5 i: * i - 5.

series is written with Glebsh-Gordon coefficients 

corresponding to t; is vector coupling. The matrix element 

then .'.

^W

X - Jh ,r. -i. I J r.N \ / S S, m ,-rn I Siu -m \ A A* B 11 I d J/ \ a b a ^ I a b/

x < i*;.1,m_-KL I J M -- , \ > a D | & >\ /

where H «• ft- - ?!* + m v. - m . ana the ^jrcbols bj and aA denoteij t\ Q fa* "

the dependence on thu v'irijjs miolear ; u i.ituia ;iui;ibcrs other 
than the z ocM.aonents »_r s.-4n.

i'r.e affiplitude T involves on intc r ,tion over the space



of tooth j^ and r. and the numerical Integration of such 

an integral is difficult. Consequently the "zero range" 

approximation is introduced. This has the physical rue an i rig 

that particle b is emitted at tne same point as particle a 

is absorbed, so that £   B £a whcre A and ri are the masses 

of the corresponding nuclei. As a result the integral for 

T is reduced to a three dimensional one. The form factor 

, (r) can then usually be factored into three parts"~"

G tr) » A F (r)
LSJ,h

where A is a spectroscopic factor and includes such 
JLS«J

quat,titles as fractional parentage coefficients and the inter­ 

action strength, a^ci where FTc, T (r) is a radial forn, factor.
LoJ

If we now substitute this e ?ressioi. i'or G i.^to the exvac.- 

sion for the nuclear form f-..ct-. r, and then substitute t-he 

expansion for the nuclear form factor into T we obtai.. fche 

expression for the transition at.iplitude

:-L' = ^^.UJ+1) A < J JH .M r.-M, 
T^J LSJ \ A A li A

where M = :' - iI A ^ mv-.-ra o , and where f. is ^,iven by
ii H LI &
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JM -

f

j

S Vm 

(-)* K (  -)

As mentioned before, all the information on i.uclcar 

structure, ar..i ti e type of reaction is contained in vhe 

nuclear form factor. The types of reactions wit:-i which we 

are concerned in this thesis are inelastic scattering, for 

which p,n reactions are a special case, and stripping re­ 

actions. The treatment jf ti.e nuclear form factors for these 

reactions is given in papers by oatchler [Sa oi;; ;,a ooj .11 d 

we will here outline the procedure.

a) Inelastic Scatter! .*.,..

The interaction prouacint;, tt.e scatteri/^, tiiay ue 

expanded into multipoles.

J-ll 
V(r, *  Y ) a ^-<-> V i Y ,r) i. { ^ ^

where T and T represent the internal c,.ordii!ates of the 

projectile and target. '^ir,j_i is a spin-.r,..le tensor
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constructed as

2>" „_: (J .

m

is a tensor of rank S ir. the projectile coordinates

ana can be expressed in terr.s of thu spin -perator ^ for a;

e.g., we may put .S * 1 and ^ « c . 'i'luj various ttr::.s

in the expansion of T- .. , corres or.u to various amounts of
L£J t p.

the angular :,,orier!ta L t S and J which car; be trar.sferrea to 

the target durii,, the reaction, L arises from a ch ur.e> e in 

the orbital cotion of the projectile while S cor;;es froiu coupling 

to t;;e oro Joe tile c i .. L als ":<jter :ine» the parity ch^i^e 

in the transition A n « (-)*.

If we include isobaric eplr. it; tt.e interaction the:; V 

ir.ust be modified rlifhtly to be

e V » »/ i vr« > V ) is i'.ivoi* above /;ith V , , ro 
^ "" _Sa 3 A ' *^J,u

by V, , (r, X ) . ^, is a terser ^f rar.k *' in t ,e isospii,
i--JiM J" ""J- T

of the projectile- and we cut, i .it C Q = i and ^ » t^. V

may produce a ci.an^.e ir, the i.ospii, wf ine t&r-t;tt nucleus, 

Insert iii0 Int; ijii,e.' ttctio^ V ir;tu the .-.uc.lc ,r r^'n;.

factor we -ibt^in with 3^, = k , nuci tvj - t,
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1 V 1 *A^=:/S m,t > .JJ^^f y I V I J m'I / \ a b a J b a B B J B I I a t T o\ « a a' a A

'Vmb I JV A>

T A :.* where G (rj « U (r) Y (»/)

and u-* (r) - i-) ^ ^-1 / o II S II ii \/ t I) o II t \ a N al| J b» a/\ a// ./I a/

X O- ^ // V <r)l|j i \> t> .: 'I i-.jj |l A ft/

S denotes (2* « 1) .

We assume that the interaction V is a sum 1 two body 

interactions between the projectiJ - iiui tl.e t&r<,,<:t iucieons.

i.e., V « >^ vla - U

where the subscript i Ftn^dp for a target nucleo::, L is the 

optic^il potential ^sc-;i to ^^•.•.c.-rai*- ti",e .iistorto<.i w.-vo- 1 but
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sit.cc it is diagonal ir. trie nuclear ;.-tales it does cot 

contribute to inalcu;tic scattering. The interaction v. 

depends on the separation ^ * I r. - r I wnere r is the 

position of the centre of nass of the projectile, and this 

dependence (g(p)) uuy be expanded in multipoles

CO

», )«T r.»r i- L cos w
il 1 ' *»

K . * 
g (r ,r) X (o 0 i Y (

T i, AJ 1 I* ^ * ij
AJi -

v^a is also a spin and isospin m^endent inccraotion 

which for rucieons us projectiles can be written ae

via

.'he ^" are the iauli spin op oratory, w/.ile the a
».

the isospin de>e';si

a.

t'he V are also i^ill spin opcrat^ri- ^ith z cOi.i 

+ 1 for neutrons u^i protons ro^./cctively, .'he a uro .--Iso^ »J

normalised re that
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» * a, -. oa la op

We may now perfcru. the flepnration V » <f V " ^
T

if we identify L O « 1 and ^ « t .
v j_ i6l

V° . . v * a a • fif
I'vv 1 &

and

- V
N

..Iso if we cti'.vope , ]<-/O

ofi Op

=1 and . j ,***' 1

; i a

- o" we

- (-) Uw V, (r,r) T

a if P « 0
. j\'

if f » 1

explicit valueo i'or U.t; s y in and 

matrix elements t the radial art of t/;a u 

can be written as

n reducsd 

n.t factors



s i ..
<VB U VLir> ll'A*A>

** "v^' s* % ̂ s r,i )s^Jv.)
T

Details of the evaluation uf thes© reduced r;ia rix ele.sents 

are O iv«n in Satchler's paper CJ>& 66 j for a number of examples 

in partic.^1 .a- :-

1) :.in^le particle transitions wnicn correspond to the

excitation of a single particle outside a closed 8; ail 

from r.*n orbit t, <, j to another orbit -',^'» j 1 .

2) .he Jn configurations wMicn correspond ivj the re- 

coupling of n nucleons which occupy the j orbit.

n i( _i
3) tie transitions of j to 4 j 1 correc t o, <;ing to

the excit.iLiG:. of on® vf tr.e oaria.clep in ti e j orbit 

to the j' orbit.

In each case radial IntegraIn of the form
/.«*
I 2i (r) ^ 1. (r) » I & (r.r)U (r Jb ir )r ur x.;l,2 I j.- 1 li/dii i

J o
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appear ir, «hc matrix element, where U,(r) are the radial 

parts of single particle bound state wavefanctions. i'he 

subscript k stands for the quer<tua numbers N , X and J, .
KM. K

In the zero range approximation g(p) «* Mp)» and BO
2 8 f (r »r) « Mr.-r)/Uirr • A-'-us the 1 (r) for a .iven pair*» i i ij

of D. (r ) are the same for all L namely
fv X

I. (r.^iv) » U (r)U (r) / u« ^ l ?

The radial factor I. (r) is identified as the radial
? l' Tform factor F Ir) in the expression 1'or G Ir)

(b)
reactions

Ir: the stripping reaction A(a,b)B, tue ;.>r. jcctile is 

assuuea to i..e roade up of the eaiitce-: particle b and naou'. 

particle x v/hich i? captured by the tai-tj et. i'iie

is usually take:, to be V whict: is the r-otcr.tial bidding* ox
b and x to form a. i'he Mielear form factor then oeooines

v



where F . • 5 and T represent the inter;.al coordinates*^ A ^^X ^ to

of the corresponding particles, vhe spin transfer 5 is now 
seen to be the spin of tne Co.pt .tied particle And r:eed not 

have & unique value since in general x is a cluster of 

nueleong. To evaluate this niatrix element the wave f^- ctlon 

of the residual nucleus Is first expanded ir. terras -f the 

eigenstates of the target.

'I*'

V does not depend on r the only terius i;i chis bx
which will contribute to the ...atrix elti;;.ei,t are 

the ones with J, ' « J and l\ ' * ps .
A A n .k

£ r is the associated wavef unction for article x and
Jl!

may be e>-- u aea into spherical harr.or.ics in r~

:>f, -;i I J n



i.'hc function $ caiiijot In general be factored iuto 
fu;'.-.:tioiis depending on r and >? se 4 ..rutely ulthou&ft It3tn £ X
can always be expanded iu such n form. If x is a single 

nucleen, or If its structure does not change uurL,d ; its 

transfer frora a to A then it can be factored. Whether <£ 
is simply factorable r not, the If}te 0ratior over J» ^ and 

T can be performed

!• :
m ,n-h| S m \ H tr ,r b ' a a / Lij XA » bx

t A.I h*
lience U- ^ rv,» r ) * Q ^ i (*» / ; h (r ,r }

L5J,M " b " a vj S L x i^J x'» b*

« is the Jacobiai; for the transforr; utio:; fr-x.. the

3 r and r to r. and r used in t'.-,e uietorted - " ~"
waves

<j » [aj/x (a * Aj j ,•;.•,trv the It.ttors rvfer to 
the r.tisses cf the C'.'i-r-es-o^ding ,.arLicles.

r'or ingle nucleon transfer sacit .-in id,n) !••..•.odious 
the expfi:.sion of Vj/ j ^ may be described li. shell ucel

I Fj T$
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terms. The function fi caii be identifier as th& wave i clion 

for t; e single rucleon orbit (I,J) times a spectroscopic 

factor*

BA iiA

Vnere is r o EUJ;, ..ver ^ and ^ since S » i -n.lj u/iu ^ = J - 
according to ti.« parity ch.ir^e. 7i.e fur* ell on ro is 
factorable

t»Aa u (rx ; "k.; r x-. /v. —j. -<J —*J • -V

where U is tnc radial ruction for the i*, orbit and
LJ

A-... o~ is the nucleon n_..in function. «,s a recult h ia ,lso 

factorable

bn
(r t r ) « o U (r ) U (r ) -here x,- bx LJ ,; «" bx
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If the wave function for a Ir alao factorable as it is for 

the deuteron, i.e., if

then D becomes

( a )
;.ere V is the value of V in the spin s/t.-te S& .

li the zero range ..i.^.roxirn^tlor. u lrbx ) ls rc-.L-.coci by 

a delta function

DX

« (r - g r; (a. E/x(a * A) j ,

G r . (r; then b©Cv,.,,es' " ""

with i^j (r) • u(r) t;.-. raui.,.l function of f-c cr^i
^ ^-1 3A | 

particle and ,^ ^ » a - w . n -Q where :. is tr.e

of e>iuiv:ilo.,t nucleons in orbit -J.
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Double stripping is treated by tiook and i'.itra [ .o ul^ , 

. r.e associated wavefunotion -i' t^c captured ^ari-ules is 

written as t.:<~ sui. of r;rouuct8 of two slt^l* particle wave- 

functions.

the &\t'.:< is vt;r all quantum numbers except J and u. 

ihe out>Rcri:->tr 1 and ? rt-fer t-> the two captured -articles. 

The interaction ir u ie G.--.SO is the Interaction between the 

o^.t^- in/t, particles and tnc stri^oe,! ;-articl©s

i.e., v » Vbl * V. 2

in order t../ facilitate calc^xationo the zer > ru ( ,e

on i'or tne i(jci;.'.rt paruicie i^ '..auc. To do

this we write j» * r, » £2 = £, i.e., WL v.r>^t U.y ,;r: J ctile 

as a point parujCiC. Aiso ii we c-i iut., onl> ^ e t n) :-e- 

i-, tri« captured particles are ootn -r^tons iu..ti so in
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the projectile they oiuet be in an 8 state. The transferred 

spin can then only be .> • o ,i>,j. no we ust also n^ve J = i., 

-he wave f.<: ction r.f th* iii.al .-.ucleua is now

*i

where the sum i^ ovor .il

ciiia v.nere v(JL-.L J?,^. > is a twox j '
o^cf f icitr.t, ihe it;tc to r.'.xwio.-.s 

after socae Eaauii/-»ui .itioz, L^c i'i).t 

; i ; i' _ r ..tivi cross iJ^-ctiOii is [.

do"••SU

nuiauers

XV i
)

carried ~.ut j.;
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In t^iis iorniula w (fi$y) IB given by
i.' A fc

and t

for

i is

denotes the 

in the p-"- j 

,n) reactions 

by

ut bill ty that trie two captured 

le have t pin S. >\B wentioneci -•c-i'ore

i int:,,rai

where u« and U« are the radial -.-avc functior.s which arise 

when tnu distorted v *ves are e panded in spherical h.,r: ..^^ics.

Tne above expression for t.-.e cross section ^oes uot 

give the absolute value, siree to ^t:taln this 1.-. wives

;.^ an overlap integral between tne i. l,-:-..tctior; ope r^:; or

a --a a .:r.>^.uct :;f i.e and diproton VJo.vcf anctior.r . 

factor is ^iven by



whore /^ is the spin function of the o^pturyd .',^.lr. 
S

Assuming tKfit i>(£.^) has a short range we can write 

in the zero range approximation [f.a 6?j

V "b

w/ ore the Glebsh Gordon coefficient •*,. pears as t;;c- result 

of extracti •'.; the ..a^.etlo quantum number dc^er.-dcnoe of 

4)(:r. ), arid '.-here g is a constant . i.ich depor.de on the 

strength of ti.c Interaction and the structure of particles 

a and b. i ?.« expression iver; above fo;' t-iC cross i^^t 

sho.il: .)»;.• multiplied by '«ne factor a - ir^ Is use-i a" a 

,-,.r .:.eter in fixing t- a absolute magnitude of the- cross 

section.

*'he selection rnxlea uetcni;inir^ tr.u value uf ^ iri 

double

= 0 •*•!.•<-,;._. — ...

»he value of ^ is over' if i:.c paritio.s :>f the initial .,.,a

final staler: arr the same, but odd if t:iey -i.re different. In
3 the case '.' the (Ke ,n) or (t,p) ro.^ctlonc t ; itre is an

addition. M! st-lection rule
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0 B A F f b' ii II

Introduction

Neutrons can be detected quite efficiently, but the 

measure «nt of tneir energies is not so straightforward. 

This is uecause the r<-utron itself is not an ionizing 

particle. Ic order to detect ne^tro^s they have to be aade 

to undergo SOB e fore f nuclear interaction ii. order to 

produce a fast moving charged particle. The charged particle 

is ther. detected through its iodizing properties. <-'he 

irterictio\r con-monly used are (n, p) scattering and the 

reactions

6 h 31) n 4- i,i -» he •*• ii

3 33) n + ne -» I:

iJetsctorB relying on (n, v) sc*tterit ifc; are cluuu«c;

phoUj^r.Mpbic plntee, recoil telescopes .a»jd tj.e org^.lc
6 sciatillators. ^<ttect'>rt usir^., x-ouotions 1, <? ar.a 3 -*•*'- --i •»-

crystals, -jf- counters a^a '©^ proportio.-.ul co^
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respectively. The energies of the neutrons have to be 

deduced fron the kinematics of the induced reactions. 

Complications arise in the case of (n, p) scattering because 

the tmergy of the recoil log proton depends on its an^le of 

reooil.

In principle the zsost straightforward aetnod of measuring 

neutron energies is to measure their velocities. This is 

known as the "tiate of flight" technique. This aeUiOd of 

energy measurement was first applied to neutrons with energies 

in the eV r-»nge. However with the development of neutron 

detectors with a very fast response, and the development of 

electronic equipment capable of handling juices in the 

nanosecond region it has been possible tu extend ti^e of 

fli^nt measurements ii.to the ^eV range of e*-armies.

The time of fllrht technique was used in the experiments 

described ic this thesis. In order to .easure the velocity 

of a neutron one r.uHt kr.ow the tine at which it left the 

target, the ti^e at which it reached the detector aro the 

distance travelled between the target a; d t^« d-tector. 

Measuring the tin-e of uotection, a;,d the fli t*;htpath is easy; 

the problem is to deteriaine the startin^ tii;:e. A?.ere are 

two ways of doing tnis. The i:.ost versatile way is to b^ 

the target with short bursts of ,...arj.iclos. -r.e tlia© of
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arrival of a burst uf particles at the target then deter­ 

mines the ti&e uf departure of the neutron. me other method 

involves detecting a churned particle or &asu&a ray which is 

released frost tne target in coincidence with the ueutron, 

and usic& tne ti;:>e of <i«tectio.<; of. this particle as the 

starting lime, ,'his latter aetnoc nas the advantage that 

expensive beam pulsing equipment is rot required but obviously 

cannot be used to study neutr<*<s which arise from transitions 

to the ground state of particle staule r.uclei unless the 

recoiling nucleus car. be detected. It is however a useful 

tool for Eeasuring the angular correlation between neutrons 

and gauaa rays or neutrons and charged particles, but one of 

the major ^roble&s associated witr angular correlation 

experi;.ici.ts, ria;j.ely, the ratio of real t > random 

is likely to be more acute for correlations with neutrons 

since in order to ^at reasonable neutron energy resolution, 

neutron flight paths of several aeters are required. This 

will Biean that the neutron flux entering the detector from 

the target will be su-ull t while tne general bacK^round re­ 

mains the garae. doth 01 these tisae of flight techniques 

were used for the experiments reported in trir- thesis.

The Pulsed I'

In order to perf ru; ti*.e of flight experij.ents with



the pulsed bea& aethod, a means of producing pulses of 

charged particles It required, 'rhere are two ways of doing 

this with Van de Graaff acealeratom. I'ne easiest way ie 

to chop the £>.w. bean from the accelerator after acceleration 

by sweeping it across a narrow slit with an r.f. electric 

field. A bettor method is to produce the pulses before 

acceleration by pulsing the source, at oxford where the (p, n; 

experiments were .1 ».e the i\ rruer method of pulsing is used,

while the o ..eV Van de uraaff at A.W....T. Alucrtriaston, where
3 the lie ,n) experiments were performed, has pulsed source.

At uxford ti.e pulses are produced by passing the 

accelerated beam between a pair of Kur^llel deflector plates 

to which a strong r.f. electric field, witn a frequency of 

lo iO/see. ie applied, i'his field sweeps the beau across 

the entrance slit of t.-;e analysing r.agr.et, a short ourst 

of particles pas.ses through the magnet everytirae the beaa; 

crosses the slit. Fro.v, tnis arrangement alone, bursts are 

produced every 5^ nanoseconds, because this tiu.e interval 

between pulses is too short to measure ti a ti^i.e of flight of 

the neutrons to be studied a way of increasing tide tiae 

must be found. Another disadvantage of this simple system 

is that there are two image points .>rouuced on the target, 

one arising when the beam is swept froa left to ri^r.t, u .d
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the other when it is swept from right to left, one way 

of increasing the time interval between pulses is to run 

the deflector plates at & lower frequency, but now a larger 

eleotrio field would be needed to produce the stun* pulse 

length, 'u-e double image would still be proaucea, and in 

fact would be worse than before since tne separation is 

proportional tu the applied field.

The nethod we nave used to increase the time Interval 

between successive pulses, which also removes the double 

image, is as follows. After passing between the taain 

deflector plates the beam passes between & second but e allor 

set of deflector plates. An r.f. electric field witn a 

frequency of 5 c/sec. is applied to the secondary deflectors. 

The direction of this field is at right angles >-o ti<at of the 

main field and also at right angles to the direction «,f the 

be&nu if the relative phase of the two r.f. fields IB 

adjusted correctly the beara after passing through both sets 

of deflectors will trace out a figure of eight in space, 

the centre of the figure lying on the J.C. beam axis, j^is 

again is undesirable since witn ti is arrangement tht* be a.,, 

would still cross the slit from left U ri».nt aj*d vice-vers^, 

altnough the pulse repetition rate is now one pulse uvi/ry 

i:.aoc.. i'he repetition rate is still further
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and the double image finally removed by applying a negative 

D.C. bias to the upper one of the two secondary deflectors, 

The beam of positive ions is therefore deflected upwards, 

i'he figure of eipht traced out by the beam is also rr,cveci 

upwards no that tt e centre is r.o longer on the a/is. The 

na£ritude of the bias is adjusted until only the bottom of 

the figure of eight crosses the axis and he.,c« ti;e magnet 

slit. The bearc will now cross the slit in 01.9 direction only, 

and only once every 2CO r.s. which is ti-.e period of the 

secondary r.f. field, 'i'he speed with which the be u, crosses 

the slit «ir< hence the pulse length is Lj overr.evi by tfe 

frequency and '';<*£>Itude of the rsain field. A detailed ;es- 

oriptlon of the beam chopper will now follow.

The hain Deflectors

Jhe raain deflector plates ur< two hollow bars 80 erne. 

long, 2.2 cirus. wide arjd separated by 1.9 cms. Vhey are 

orientated such that the field between them is t.orizoatal. 

Cooling water can b-_« ciroulated through thetr,. The plates 

are sounted on i-'.T. ;•'.£, ir sulators inside an aluminium :>ip« 

20 c^.s. in diui:iOter v.tiich is oou,»led to the beai.: line between 

the tandem accelerator and tte arudyring ^a^f-et. Icroroeter 

adjusting screws enable tre plates to be aliened "ccu 

parallel to the beam axis.



Th» r.f. power is applied to the plates from a 8 k.', 

lu fc/seo. power amplifier. The circuit diagram f this 

amplifier Is shown in Fig. (2,1). The plates themselves 

fom. part of the amplifier's tank circuit. The rest of the 

tank circuit cor.eists of a coil 1; " lon^ and U" in ai.iaeter 

wound froffl 12 turn* of 1/1*" bore copper tube, and a parallel 

plate variable air condenser (i'Cl) with a. maxinruni wording 

capacity of about 8 pf used for fine turing. ,v.c amplifier 

uses a water cooled triode (Kullard Ti7-6U'<.W) which will 

stard a maximum ;ower dissipation on its anode cf 6 k». 

The maximum power developed ir the tank circuit witc;, the 

valve is operated with an anode voltage of 6 kV ir, estimated 

to be 8 kW, and the efficiency estimated to be J^ ,>er cent. 

The tank coil is an autotrar;gfvirroer with a step up rr:tio 

of k '• 1» so when the amplifier is run it fall power the 

r.f. voltage developed acrost-. the deflector pl«tes U: 2k kV. 

The cufideriser -Cl conrtected betweei the tar.k circuit and the 

grid of the triode is si ilar in c nstruction to VJ1 -u. .d 

is used to neutralize the 11 pf grid-a^ode capacity of t.he 

triode to prevent feedback fror,. the output to tho input. 

The resictai.ce-capacity n^.',ar_if. .ition HI, Cl ,'foviues a 

self biapiiiu: circuit for the triode, t>,cir values having 

been chosen eo as to give a (rear, D.C. ; rid bias of 

- 145C V. The relay is included to r.tect t; ^ valve in tne
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event of failure of the Input to the valve resulting in 

the loss of grid bias. If the grid bias rises above - 

the relay opens and turns off the EHT supply to the valve*

The power required to drive the main amplifier is ubcut 

3<jt¥. This is supplied by a smaller power amplifier also 

shown in fig. (2.1). ihis amplifier uses an air cooled 

tetrode Uull&rd *¥ 14*250} and is capable of providing 75-W 

of power when operated at 4 kV. The tank circuit for this 

amplifier consists of a coil aade from 16 S.^.u. copper wire 

wuunu. on a 3" diameter former, tt*e input capacity of the 

triode, the capacity of the coupling cable between the &aic 

amplifier ana the drive cta^e and &. parallel plate variable 

air condenser -!C2 for tuning. The screen grid is biased at 

+ 5.. ,'V by the resistor chain no» <X t aaa the c^ -.tro! ^ria at 

- 25wV by an external stabilized U.C. supply (to be described 

later). rhe relay protects the valve in the event of failure 

of the grid bias supply by switoning off the Lr.r. During 

the testii^.. wf this amplifier it was found that the jr.iall 

grid-anod© capacity of 0.2 p.f. was large enough to cause 

considerable feedback. This necessitated the addition of a 

small neutralizing condenser connected between the grid and 

tank coil.

The drive amplifier is itself driven by a third 

amplifier which contains the standard lu He/sec, crystal
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oscillator. The circuit diagraffi of this a plifier, together 

with the oscillator, la shown in r>ig. (2.2).

When rue at full power there is estimated to be heat 

dissipation of about lu kW within these amplifiers. Host 

of this heat is dissipated in the deflector plates and tank 

coil. To reosove t..is heat water is circulated through the 

coil and deflector plates. The ends of the eoil are connected 

directly to the inlet pipes of the deflector plates. The 

cooling water enters through a T junction at the centre of 

the coil am leaves at the outlets from the deflectors. 

Another water circuit cools the anode of tne triode. ordinary 

water fro® the trains is used for cooling, connections to the 

various components toeing nade with $" bore P.r.r'.-,. pipes. 

Ideally detainer all zed water should be used for cooling to 

reduce power losses, but si.ice the amplifiers r.ad been well 

overdesi^eci th<= power lor.ses actually occurring in tne tap 

water could easily be tolerated, and the complication of 

installing a demineraiized supply was not necessary. At, the 

rear of the classes containing t.-ie aoplii'iers are Bsou.'^ted 

45" dijii^t-ter fans each cawnlle of circulatlr,fo air through 

the units it a rate of about 3o cu. ft. per minute. ^,.ese 

far.s aairitain a flow of air past the air cooled valves, and 

also Keep the ambient temperature ir.side the uj.its tit a 

reasonable level.
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During the touting of tne amplifiers probleras arose 

due to the failure of th« insulating ..aterials used in the 

construction. Originally the supports for the tuning 

condensers were aade front "tufnol" and the water pipes made 

froa i.V.C, Die reliability of tne aapllfi^re was impaired 

by the excessive dielectric losses ir. these materials. 

Other insulating materials wer- tried with varying amounts 

of success. The final choice was polystyrene for the tuning 

condenser supports, polythene for the tuning knobs and 

P.I.F.&* for the water pipes* It was aleo found necessary 

to mount the current . eters on the front of the amplifiers 

on perspex supports.

The Quadrature Deflectors

'£he secondary or quadrature deflocturs are similar in 

construction to the sain dfef lee tors eseept that they are or.ly 

35 cms. lorij^. Tney ar, orientated at right e*n tJles to the 

taalu plates and so deflect the beaw in a vertical i..u:e. 

The power to these plates is supplied by 2|k.. power 

which uses an air cooled tetrode valve (Kullard ^5 

rihe asaplifier is t,..rea to a frequency of 5 l-c/sec.. Ae 

circuit aiagrao is snown in Fi^. (2.3). '*i'e tank circuit 

consists of the quadrature deflectors, the tuning cotideiiser
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'fC3 and the tank coil, i'ne ooil ir> i,,adtt from l/o" bore 

copper tube wound on a 6" diameter polythene former, 

end of the coil 10 coupled directly to the lower of the two 

quadrature plates, while the otner end is coupled to the 

upper plate through a i*ivC pf 15kV oondeneer CU. 1'he purpose 

of CU is to isolate the upper plate fro® the ~nT to enable 

a negative bias to be applied to it. The coil has a step up 

ratio of 3 : 1, thus enabling up to 15 kV of r.f. to be 

applied to the quadrature deflectors*

Both grids of trie tetrode are biased by external supplies, 

The control grid uses a - 25oV j.C. stabilized supply, and 

the screen grid a « 601>V i. : .C. stabilized supply. -. resistor 

chain cculd not ue used to bias the screen cec^use of the 

large amount of heat (5^»- '<atts; which wo aid be dissipated 

in It, j-.s in the case of the ^'xU-i'5^ & saall - <trallying 

oonacnger was f-.und necej-Sfcry to neutralize the -; .K :.f grid- 

ancde capacity1 , The valve Is protected against failure -,f 

itc ce;.trol grid bias by a relay which turns off Ue ..i/r 

in t?»e ©ver.t of .such a failure,

Jne aapli:'i©r is cooled by a i'an moanted in the back of 

the unit widcK directs a stre..in .f cold air over tno tetrode. 

:.»,« coil and deflector plates ~r< water cooled, tne upper 

plate being on a separate water circuit from the coil and 

lower pl-te.
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The negative a;iT bias for the upper plate is supplied 

by an external power pack. Because cf the finite resit: fcju.ce 

of the cooling waner this power pack ;iad to be capable of 

supplying up to 30 raA of current at 6 kV. The r.f. from 

the plate is urt,vented frora reaching the power pack by the 

r.f. choke 1FOU wade by winding 1* o turns of 2^ 5. .G. copper 

wire or, to a i . J'.l-'.fc., forcer 5" lorjj/; and i*|" diameter.

i'he quadrature amplifier is driven oy a pre-aw»plifier 

powered by a i ullard tetrode valve viV\6.20; also showr; in 

r'ig. (2.3). A pick-up loop inside the main amplifier picks 

u f; a lu i c/sec. signal which is fed into a "phase shifter" 

(Mu 06). This is a device which scales a 10 he/sec, signal 

down to 5 J*.c/sec. and ives a sl?.e wave output whose phase 

with respect to the Input can be varied co.tinuousiy froa 

0 to 2v. Trie output of tt.e phase FI ifter is then fed. to 

the input of the quadrature preaf..;,lifier. .^y means of the 

phase shifter the phase of the r.f. applied to the quadrature 

plates can be varied with res tt ct: U the l.ase :>t that on 

the r^aln plates.

Power 3ujtopl1 es

Jhe T17-6-OOW, 0.5-6' v/i and u"4-^5^ valves require 

anode r.'T supplies of o to 7 kV at 2.5A, to 5 kV at 1.5*



and 0 to 4 kV at I.L-A respectively. To obtain these, tne 

three phase mains supply is suitably traaaf or ;ed, full wave 

rectified and smoothed. Variacs on the input aide of the 

UiT transformers allow the output voltage to be controlled. 

The rectifiers used are fcullard Eh3-125^. i.elays are 

installed inside each us.it BO t.iat the power supply cannot 

be switched on unless the grid of the valve, to which the 

power supply is connected, is biased. They also switch the 

lM,r off i;, the event of failure of the bias supplies, rhe 

three power supplies are housed in a single cabinet which is 

cooled by three fans mounted at the back. The r,e&ative >4iT 

bias supply for tr.e quadrature plate is obtained by full 

wave rectification of the output of a single phase mains 

transformer, cor this ur.it the rectifiers used are Ferranti 

i;>-33 solid state rectifiers. A Variac on the input to the 

transformer er.ubles the output uf the bias supply to be varied 

continuously froaa C to 6 kV.

In addition to the i^vT supplies two stabilized t;rid 

bias supplies ar© required. On© r;ar to supply 5^ ^ at 

- 25C-V and tne cjther 3c- !v raA at * 6v,tV. The - *.5^V supply is 

used to bias the ^rids >;i' the ^k-^5^ ar^j. tre i,5-d\.v and is 

also used as tne H.?. supply for the crystal oscillator 

and its amplifier. i"Y,e ^ 6oJV supply provides the screen 

bias for the ^5--^ and also the H... supply for the



UV06-.20. Figures (2.1*) and (2.5) show the circuits for 

these power supplies. In the original design Zener diodes 

were used in t lace of tfee gas disoharge voltage reference 

tubes* but these were found to be unsatisfactory aue to

changes la their «eaer Voltages with chsua&es of temperature 

and current. The fluctuations with tewperature ovulu be 

reduced by using several 4ener diodes with positive and 

negative temperature coefficients in series, but the fluctua­ 

tions produced by changes in the current flowing through 

them could not be removed. Although these fluctuations 

were only a few millivolts, they were being applied to fche 

input of a high gain amplifier with the result that f 1 actua­ 

tions of several volts appeared at the output. Usir^ con­ 

ventional voltage reference tubes these problems were removed 

and a high decree of stability was obtained. H lo,, change 

in the cains voltage produced less thar; 0.5 Volt charge 

in the output voltages. Also ch«inges in the output voltages 

with changes in the loading were negligible.

ecit of the Chopper

The main deflectors and the Quadrature acf lectors are 

mounted one behind the other with the main deflectors
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nearest to the accelerator. They are electrically screened 

from «aoh other bjr aa earthed wire laesh which has an aperture 

In the centre to allow the beam to pass through, i'he r.f. 

amplifiers are situated immediately below their respective 

deflector plates and are coupled to the tank colls by stout 

oopper roda 3/16" diameter. Beneath the main amplifier is 

its drive sta&e and the crystal oscillator, and beneath this 

Is the D.C. bias supplies* The quadrature amplifier has 

its drive stage mounted beneath it, and at the bottom of this 

side of the chopper assembly is a refrigeration unit. When 

the chopper was being operated on wet days water vapour was 

found to condense on the water cooled parts resulting in 

electrical breakdowns. For this reason the refrigeration 

unit was in-tailed. This removes any water vapour frora the 

air inside the chopper assembly and circulates cold air 

through it. the complete chopper assembly is enclosed in a 

steel cabinet with the two halves electrically screened froes 

each other. The unit is fixed to a steel frame ana can be 

lifted into and out of the beam line by means of a pulley. 

The steel frsuse fits over four locating pins fixed to the 

floor of the accelerator vault and ensures t.'iat the chopper 

is correctly aligned between the tandeia and the ;v»a£n®t. 

when in position the centr® of the aain deflectors is I* metres



from the entrance elite of the aaa#&et. figure (2.6) snows 

the layout of the chopper assembly.

Operating Procedure

The method of pulsing the beam is as follows. First 

of all a D.C, beam as large as the accelerator will give ie 

analysed by the aagnet. 1'he main amplifier its turned on, 

tuned up and aet to a suitable voltage which depends on the 

energy and nature of the beast uaed and on the pulse length 

required* The machine controls are then adjusted to optimize 

the transmitted beam. The moan D.C. beaa will be found to 

have dropped by a factor of about 50 for pulse lengths of 

the order of 1 ns. The flight lines on the uxford accelerator 

are equipped with beas scanners (Ta 65) which enable the 

profile of the beam to be observed at selected points along 

the line, i'ne scanners display on an oscilloscope seraen 

the shape arid size of the beam in a horizontal and vertical 

plane* One of thes® scanners is situated ^ust in front of 

the entrance slits of the magnet. This is a focus point for 

the beam and before pulsing tne scanner shows two sharp peaks 

corresponding to a well-focussed beam i.-< the horizontal and 

vertical planes. *'ith Just the aain chopper running the 

peak on the scanner corresponding to the horizontal size of
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th« beaia is found to widen considerably while the vertical 

display reaains sharp* This is due to the bean being 

•wept backwards and forwards in the horizontal plan*. The 

next stag* in the operation is to switch on and tune up the 

quadrature amplifier, the vertical display on the scanner 

will now be seen to have changed* Instead of the single 

sharp peak two or three paaft* will be seen. The horizontal 

display remains broad. The phase of the quadrature amplifier 

is now altered while watching the scanner. As the phase is 

varied the vertical scanner shows alternately three potiks 

and two peaks corresponding to the beam tracing out diffe­ 

rent Lissajous figures. I'he phase is adjusted until three 

peaks are visible and are at their widest separation. The 

three peaks represent three beams whicn correspond to the 

top, centre and bottom of the figure of eight traced out by 

the original bea». The negative J.C. biaa is then applied 

to the upper quadrature plate until the lowest of the three 

beaas lies on the axis of the flight line, i.e., only the 

lowest beast crosses the iaa^r.et slit. The transmitted current 

is then aptiaized by fine adjustments to the piiase and bias. 

The magnitude of the final current will be found to be of 

the order of l/20Lth of that of tne initial -.u. beam.

An estimate of the performance of the chopper can be



made in the following way. If the transit time of an ion 

through the chopper is a snail fraction of an r.f. cyele 

then it can be shown (Ne 60) that for an axial ray the 

burst width is given by

k ii d.

f e

where £ « energy of tr.e ions

f « frequency of tt.c r.f. applied to the plates

VQ « peak r.f, voltage

f * length of deflector plates

Q „ » distance of Blit fro® deflectors * 2
Ay » width of the slit.

oecause of tne fi ite size ef the oeam spot /^ y should 

be replaced by (& y *• S) where S - dias-uter of t; e beans spot 

at the slit.

For the dimensions -A' ..ur chopper the Durst wi^ih turns out 

to be

• 1.51 is + Ay> v~ n » sec -
o

if ^ and A y are measured in cms., - in ; 5 eV and V Q in 

KV.



Putting in typical values for fay and S of 0,26 cms. and 

0.20 cms. the r.f, voltage required on the chopper plates 

to chop a 10 MeV proton beam down to 1 ne. is 6.95kV. This 

is well within the capability of the chopper since it can 

produce up to 2J^kV. However the two Oxford accelerators 

can be coupled together in order to produce protons or 

deuterons with energies up to 20 MeV. With the same values 

for the slit width and beam spot diameter as before a 20 MeV 

proton beam could be chopped down to 0.6 ns. by running the 

chopper at full power.

Although pulse lengths of much less than 1 ns. can 

easily be produced, in practice pulse lengths of between I 

and 2 ns. are used. The reason for this is twofold. With 

a D.C. beam from the accelerator of 3 M-A and a pulse length 

and repetition rate of 1 ns. and 5 Me/sec, respectively the 

mean current reaching the target after chopping will only be 

15 nA. Reducing the pulse length will reduce the beam 

intensity still further. Also the resolving time of the 

detecting equipment (to be discussed later) is at present 

not better than 2 ns. and nothing is gained by producing 

pulses with a duration of less than 1 ns. The resolution 

is not improved and all that happens is a loss of beam 

intensity resulting in a reduction in the signal to back­ 

ground ratio. The chopper is normally operated at the lowest
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voltage for which »n increase in voltage does not improve 

the time resolution of the detection system. The chopper 

has been used successfully for proton beams with energies up 

to IS KeV. At this energy, 12 kV a.c. on the chopper was 

all that was needed to produce pulses which were short enough 

not to affect the resolution of the system. Typical 

operating cor.uitiono for the chopper using proton beams 

with energies of the order jf !*,< HeV are

Ii.?. Voltage on main plates * 6k;

it. P. Voltage on quadrature plates •> 6 kV

D.O. Bias on quadrature plate = .3 kV.

The tsain re^uire^erits of a r.eutro;. detector for time 

of flight experiments are :•

1) It should jvo a very fast response of the onier of 

a nanosecond.

2) It should be reasonably efficient.

Tficse two requirements liait tny c; oice of detector 

to a scintillator-photoffiultiplier combination. here ..,re 

now several types of organic ecintillature, uoth li<,uias



•olios, couuKercially available which satisfy both require* 

taecte. Unfortunately they are often just as sensitive to 

gasuBa rays as they are to neutrons. However some of these 

seintillftters have the additional property of producing a 

different type of light pulse for neutrons than for gamma 

rays and it is now possible to discriminate completely against 

gamma rays without reducing the neutron detection efficiency*

One such scintillator is known as Ne213. It is a 

liquid produced by nuclear Enterprises Limited. Its decay 

constant is 3*6 n.s. and it shows excellent pulse shape dis­ 

crimination properties. Neutrons are detected by producing 

proton recoils in the scintillator itself v while the response 

of the scintillator to gasama rays is aainly via the Cosspton 

effect. Pulse shape discrimination is possible due to the 

different response of the ncintillator to protons and electrons. 

The detector we have used is made from this liquid. It is 

contained in a cell 10* in diameter and 1* thick. Coupled 

to the scintillator ar® two rullard XF1QI*0 photoKultlplier 

tubes* These are lit stage photojeultipliers with a gain of 

lc^ and an anode pulse rise tiwe of 2 ns. Tney have 5" dla- 

raeter photoeathodes. The dynode resistor chain (?'lg. 2.7) 

for the phot multipliers is adapted from the one recommended 

by Ifcllettini et. al. (Be 63, Be &k) .

A blook diagram of the nlectroriic equipment Is shown in
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Pig. (2.8). It c ' 9ista ;f two sections, one "fast" 

ai.d one "alow". In the slow section linear pulses are 

taken from the eleventh dynodes of the two photomiltipliers, 

added together, amplified by a double delay line amplifier 

an ; fed into a discrirainator. The rc-.^on for taking the 

sum uf the linear pjlses is that by setting an amplitude 

bias on these pulses a nuch sharper cut off at the low 

energy end of the detectors response is obtained tran would 

have been obtained if indivici t \1 rjlases had been put on 

the linear pulses. Uneven light distributio:, between the

two photoffiultipliers :aakes it in^oseibla to ^jet equal
jy

amplitude linear pulses for t> e same light pulse, ijy 

working with the suemed pulse we are taking the total light 

collection into account. Prom the fourteenth dyr^ode of 

one of the tubes is taken a pulse which is ^;eu f .>r pulse 

shape discri.iin?ation (see next section). This pulse is 

amplified by an ,.-. au.plifior before bein^ pat ir.to a 

discriraiiiator. In the fast section a fast pulse is taKen 

froj each of the tubec. l:i the tube from whic;. the 

discriminator trulse is taken t,.o fast ^ulse is taken jff 

the twelfth dy v-;Ode, but ir the other tube it is taken off 

the anode. ~i*ese pulses are uaiplified by v>idc band 

amplifiers, the one fro;-, the dynode bein^ first inverted
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since it is positive, auul then put into synehroniaing 

discriminators* the outputs of these discriminators are 

seat into a fast coincidence unit. By requiring a coincidence 

between the fast pulses froa the two tubes random pulses 

due to photofflultiplier noise are reduced, /he fast coin, 

cidence unit gives two outputs, a type 1 pulse used for logic 

and a type 2 pulse. The type 2 pulse is used as the timing 

signal for the time of flight measurements. This pulse 

signals the detection of a neutron or gamma ra?« 'i'l.e other 

pulse required for timing is derived from the beam chopper. 

A soail coil placed inside the aain chopper amplifier picks 

up a 10 he/sec. signal frost this amplifier. The signal so 

derived is scaled down to 5 Kc/sec. and is then used to operate 

a trigger circuit known as the stop-pulse generator, (i u 66) 

which produces fast short pulses with a rise time of less 

than 5 ns. and duration 10 ns. at a frequency of 5 he/sec. 

formally the pulses fro® t! e stop pulse generator would oe 

used to start the tise to pulse height converter, cind the 

pulse from the detector used to stop the time sorter, hut 

since the tiu>e sorter we nave used will not operate with an 

input rate of 5 Me/sec, we have to operate it the other way 

round. The pulse from the detector starts the time sorter 

and the pulse frots the chopper stops it, so that the time
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interval that Is tteasured la that between tha triggering 
of tha d«tector by a neutron and tha arrival of the next 

pulse froffl the chopper. The output of the time sorter is 

analysed b/ a 2GG channel Vlctorean kieksorter, Ae kiok. 
sorter is &at«d with a pulse fro» the slow side of the 
deteotor electronics, but before the origin of this pulse 

can be explained a discussion of the aode of operation of 

the pulse shape discrimination circuit is seeded.

* ulse shape discrimination.

AS mentioned before Me213 Is sensitive both to neutrons 

and gaffliaa rays, neutrons are detected by means of recoil 

protons in the acintillator while gamaa rays are detected 

via electrons produced in Coapton scattering events. However 

the response of the scintillator is different for the two 

types of particle. Any ionizing radiation lr, tna scintillator 

will excite several i.odes -f light emission the :.-.ost pro­ 

lific • f wnich are an Intense fast component of about 6 us. 

life time due to the decay of excited molecular states, and 

a much slower component of about UOO ns» decay tU.e due to 

the recoabination of ionized molecules. It is found that 

for the sarce total li^ht en.issioii, the percentage of slow 

component for proton excitation is approximately twiee that
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for electron excitation* due it is thought to the greater 

density of ionlzation along the track. This phenomenon 

car, be used to discriminate against gamma rays. We have 

adopted the method developed by Batchelor et. al. (Ba 60) 

which was based on a method originally sugE««t«d by Owen 

lOw 58). Heference to the dynode resistor chain for the 

photomultipllers (Pig. 2.7) will show two sets of Jumper 

points AB and CD. Under noraal working conditions the Jumper 

points AB are connected together arid the potential between, 

the fourteenth dynode and the anode will be of the order of 

U'-i.v. When the tube is required to produce a discriminating 

pulse the jiusper points CD are connected. The voltage 

between the fourteenth dynode and the anode can then be 

varied by means of the potentiometer r. The potential 

difference is adjusted to be just a few volts. Under these 

conditions a current pulse coming down the tube space charge 

saturates the r«gion between the last dynode and the anode 

while the initial fast component of the li ; ,ht pulse is 

occurring. This drives the last dynode negative. Luring 

the much lower intensity slow component tne space charge 

clears and the dynode behaves normally being left positively 

charged to a degree depending on the magnitude f the slow 

component. Since there is a greater proportion of fast
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light for electron pulses the dynode is driven acre negative 

than for proton pulsoa and therefore recovers later. As 

a result of this the positive swing of the dynode for electron 

pulses is delayed for the order of a microsecond. Therefore 

to count just pulses due to neutrons all that IB required 

is an amplitude discriminator to observe the positive part 

of the pulses and a coincidence circuit to reject those 

pulses which go positive late. ;>isorirainator pulses of 

neutrons and ganma rays are shown in Fig. (2.9).

The origin of the gating pulse for the kicksorter can 

now be explained. The amplified suamed linear pulses and 

the amplified "pulse shape uiseriiiiination" (or i.b.j.) 

pulses are each sent into discriminators. First a slow 

coincidence is taken between the type 1 pulse frou the fast 

coincidence unit in the fast side of th© detector electronics 

and the output of th® discriminator for the summed linear 

pulses. Ti:i@ sets tne lower bias of the detector. The 

result of this coincidence is pat into fast coincidence with 

the t'.S.D, discriminator output with a resolving time of 

0.5 ji s@Q.t to eliminate high energy gasuoa rays wnich produce 

j .".D. pulses with a positive swing. Finally an amplitude 

bias is set on the ^.£.0. pulses to reject the low energy 

gamma ray pulses which are not intense enough to cause
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saturation of the dynode. This bias will also reject low 
energy neutron* but these in general will be below the linear 
bias of the detector and will already have been removed, 
The pulse resulting from this logic ie used to gate the 
kiefcsortet* recording the time of flight apectrum.

Performance of the detector

Two factors wnioh determine the raerlt of a time of 

flight spectrometer are its resolution and its efficiency. 

.'n« resolution of the system depends on several factors t 

namely the duration of the incident burst of particles, the 

thickness of the target, the energy spread in use incident 

b.eam» the thickness of the detector a/id the response time 
of the detector and its associated electronics. The 

duration of the incident burst & T., causes an uncertainty 
la tiio ti&e of release of the neutron fro© t:.a target. The 

finite thickness of the target will produce a spread in the 

trn&rgy of the incident beam. ihis leads to an uncertainty 

in the energy of the liberated neutron and hence a s,read 
A T in its time offlignt. The energy spread in the incident 

bea& causes a similar effeot but with Van der araaff 

accelerators this latter effect is negligible. The thick­ 

ness of the detector will cause an uncertainty £ ̂  in tne



where T ie the flight ticte ~f a neutron with energy 

E.

A useful way of measuring the time resolution of t.,e 

system is to boobard a target with pulses of charged ^articles 

fro;., the accelerator and without pulse shape discrimination 

observe the peak ir tho time spectrum uue to the gamma rays 

fro;,, the target. Since ail fcarama rays from the target have 

the sau.e flight tl&e the width uf this ^ea.-: will measure 

tne tifiie resolution <-i tiie spectrometer, ^.lif ^ean. is also 

useful as it, c«jjt u*. used to fix t»ic time zero uf the .-.-vctroiii. 

Ii.crcaftirxeS t}i1^ aasiplitude of the r.f. on the cno t per plates 

will at first cause the widtn of this peak to decrease, but 

eventually a v-.it i^e will be rct-oitev^ above whicn .-i-.\ increase 

1.. voltao 1^ will not cause a decrease in the ^yak width. At 

this point trie resolution is no longer de^cr.aent on the pulse 

length fron the chopper but is bein«; detcnained solely by 

the electronics. In practice the chopper is normally operated 

at the lowest volta,;:* f r whicn an increase in voltage does 

not cause a ."^creuae ir; th^ time resolution. The , .r al 

time resolution of the system is between 2.5 and J.G ns., 

although occasiot.aliy a resolution as low as 2.<J ns. has been 

achieved.
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The efficloncy of the detector is defined as the 

ratio of the nuaber of r«;ooil protons detected t,j tne number 

of incident neutrons. A theoretical expression for the 

efficiency of tue type of detector we have used is given 

by <:jW 60)

£) - 1 - exp [ - n <r d J

where n, « nunber of !-, atoms per cc* of sci^ti iiator

o"| « n - p scattering cross section

d *» thickness of the scincillator.

inii; e. vression is derived under the assumptions that :-

1} Carbon d es not contribute t' the detection

2) i'-.e tniukness of the sciutlllatOi- is sjiail c^r./'^rod 

to I/HU cr , i.e., only single scaLtc-rin^ ,ccurr.

3) .11 recoil prc .tons ore detected.

j.n praotiee only px* ton recoils, or uore ^r-ecisely lie r,t 

pulses above a certain aMplitj'^u are atst^ctea. ^o for low 

energy neutrons a lurge proportion oi the prctou recoils 

will aut be detected. For hi^h fcuep^y neutro.-it; the ^/-o^o 

act observed will 00 staaller a^a the observed efficiency will 

approach the theoretical value, Calculations lay -jatchelor



et. al. (B* 61) on the response of organic so in t i 11 tit or s 

to neutrons have shown that for low energy incident neutrons 

the proportion of multiple scattering events ie relatively 

high. At high energies multiple scattering is not so 

i i^ortant. fh« calculations also show that carbon does 

contribute oonsidarably to the detection mechanism but as 

the carbon recoils produce only very low intensity light 

pulses they will not in general be recorded and so tneir 

effect on the overall efficiency of the detector nay be 

neglected*

We have measured the relative efficiency of our 

detector as a function of energy using the neutron producing 

reactions

D(d, n) He3

and 7 7
Li'(p, n) Be'

The first reaction car, be used to measure the efficiency 

of the detector for neutrons above 2 i.eV, ror a ix;.Darding 

energy of 8.15 «'eV the neutron energy varies from 11.37 KeV 

at 0° to 1,87 A9V at 160°. -Tie differential reaction cross 

section for this reaction ie accurately known (iir ->O. ar,d 

so by measuring the neutron yield at various angles the 

detector efficiency as a function of neutron energy car be
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determined. We therefore bombarded a deuterium &&& target 

with a pulsed beam of 8.15 K«V deuterons and observed the 

neutron spectra at 10° intervals fron 10° to 160° with a 

flight path of 2 metres. For these experiments the target 

thiokness was 200 jig (appro*. 5C keV for 8 KeV deuterons).

For neutron energies below 2 MeV we used the Ii7 (p, 

reaction. The differential cross section at 0° has been

measured for proton energies between 1.9 MeV and 3.3 reV by 

Gabberd et» al. (Oa 59) and between 3.0 and lu.;,' hev by 

Borchers (Bo 63). Tue reaction is endoergic ani has a 

threshold of 1.88 ,'leV. Consequently at 0° neutrons cor; be 

produced with energies of 120 keV and above. Using a pulsed 

beam to separate the ground state neutron group from tne 

first excited state group the neutron yield at u° was measured 

for proton energies froa threshold up to 5 i-eV. .his produced 

neutrons with energies up to 3.3 i;eV. ns the energy ra/i&ea 

covered by the two reactions overlap one set of u.eaccur«^u«nts 

could be normalized against the other, figure (2.iv/ s::ows 

tne efficiency curve so obtained.

The associated ^article jaethod

Keasuring neutron tlmee of flight by the as^-ooiated 

particle method requires that another particle be released
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from the target In coincidence with the neutron. i'he tine 

of flight of the neutron is that found from the diff«r<.noe 

in tioe between the detection of the neutron ana of the 

associated particle, allowance having been outdo for the time 

of flight of tne associated particle. If the associated 

particle is a gaousa ray, then the correction Is independent 

of the energy of the associated particle, however since 

for ffiost applications of this technique the associated 

particle detector is placed only a few centimeters at ost 

fro« the target this correction can be neglected. The require­ 

ments of the associated particle detector are t.,at it should 

have a fact response in order to &ive an accurate tiae zero 

signal, and it should have a high efficiency. Kor eoeie 

applications it nay also be required to have energy discri­ 

mination properties so that energy measurements on the 

particle may be aad«. Tiee of flight oeasureiaents by this 

sethod have the advantage that a pulsed accelerator is not 

required* but in order Lnat U»e true coincident rate is not 

swamped by the rtmdosa coincidence rate, tne count rate in 

the detector must be kept very much less than "^x where ^ 
is the resolving tiae of the circuit, one type of experiment 
ia which the associated particle aethou is preferaole to 

the pulsed beam method is an angular correlation experiment.
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In fact beam pulsing is undesirable for such an experiment 

for while th« real coincidence rate Is proportional to the 

average yield front the target, the random rate is proportional 

to the average of the square of the instantaneous yield. 

With a 1 per cent duty cycle the Instantaneous yield Is 100 

times greater than the average yield.

We have used the associated particle method to study
9 the neutrons emitted following the beta decay of Li . in

this experiment the associated particles were the beta particles, 

In brief the experiment consisted of activating a Li target 

by bombarding it with tritons for 1 sec., and thet stopping 

the oeara for 1 sec. during whicu time the activity was studied.

uy the fiat are 01" the experiment the pulsed beara uetaou was

inapplicable, i'he experiment involved looking for m.utrvus
o 

from the decoy of iie which was fonaed from the beta decay
9 of ^1 . by requiring that a beta particle and a neutron be

observed iu coincidence we can select the required activity. 

The neutron energies were determined by Lueir tiue of /li^ht 

which was in turn found from the ciiTer^uce in tiu.e between 

the detection of the neutron and the beta particle. .ne 

beta particles were detected in a block of lustic scir.- 

tillator Nel02 with dimensions 9" x 9" x 3" placed fc" from 

the target. With this arrangement the detector subtended
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a solid angle at the target of almost 2irt and its thickness 
(3") was thick enough to stop the highest energy bete, particles 
expected from the reaction (13.5 KeV). It therefore should 
detect approximately 50 per cent of the betas emitted from 
the target. Coupled to this scintillator by means of a light 
pipe was a 56 AVP photomultiplier which was wired to t^ive a 
fast timing pulse from its anode and a linear pulse from 
its elerenth dynode. The neutrons were detected in the detector 
previously described except that discrimination against gamma 
rays was not used* This was because the energies of the 
neutrons expected from the reaction were in some cases less 
than 1 KeV, and the P.S.D. method we use is not very efficient 
for neutrons of these energies* Conventionally the beta 
counter should provide the start pulse for the tiF.ie to pulse 
height converter and the neutron counter the step pulse. But 
because of tae high counting rate expected in the beta 
channel we used the neutron pulse as the start pulse aid the 
beta pulse as the stop pulse. This is possible if the beta 
pulse is delayed sufficiently by a length of delay cable. 
A block diagram cf the electronics is shown in Fig. (2.11). 
As well as an analogue pulse, the time sorter ^ives a pulse 
whenever a start and stop pulse are received within the time 
range of the time sorter. This pulse was therefore used to 

provide the gating pulse for the kicksorter. This pulse was



FIG 2-II

PMI42 XPI040, PM3 56AVP, FA fast amplifier.
SD synchronising discriminator. ADD pulse adder 

SCA single channe analyser. DLA delay line amplifier.
FC fast coincidence unit. TS time sorter. 

DEL delay. KS kick sorter.
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taken in Blow coincidence with the pulses from the 

discriminators for thn 11; ear pulses froti the two detectors. 

These dincrlririatora determined the lower biases of the

deteotorn. 'he tine resolution of the system V,'RM tteasured
22 toy placirig a ?a source between the two detectors u: d

measuring the width of the y-Y coincidence peak on the time 

sorter spectrum. The >-idth rf this peak is a measure of the 

tire resolution. With the neutron counter Mace-.;, to accept 

neutrons with e, ergies above 1 ::eV the resolving ti:;;e o'..>tain«d 

was 2.5 ns. oi t when biased so as to count neutro: n with 

energies down to about lv* keV the resolution was f^uno to 

be onljr U ns. However this was adequate for the experiment.
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C H A tf T E K III

6 6
XHK Li (p. n)Be

Introduction

This experiment was performed primarily to investigate 
the structure cf the Be nucleus. At the commencemeat of 
the work only the ground state had been definitely identified. 
The reaction had been reported by Bogdanov (tio 58), 
AJzenberg-Selove and Gsgood (Aj 59) and by Gulyamov et. al. 
(Gu 63), Bogdanov, using 9.6 rteV protons observed the ground 
state and measured the angular distribution of the neutrons. 

He found that the five points of his angular uistribution 

could be fitted to the equation

2« [L.19 - 0.23 cosb •*• w.7^ cos Wj aab/sterad.

ihe angular distribution has a fairly deep minimum at Vo 

Indicating a large p wave contribution to the cross section 

consistent witri the probable assignment of Jw = C for the 

ground state of Be . The width of the ground state which 

is unbound to decay into hie + 2p is less than 3^ keV, and 
the vi for the reaction is - 5.2 .-.ev - 0.2 r.eV. :.o indication 

of any excited Ftate was 1'ound.



The work of Ajzenberg-Selove and Osgood was performed 

with lu.5 MeV protons onto a 150 keV thick Li target, i'hey 

observed the ground state at 30°, 60°, 90° and 135° with a 

width of ^. 150 keV. At 90° they saw a neutron group 

with a width of < 100 keV which they assumed to have arisen 

from a state in Be at 1.5 KeV. This group was superimposed 

on a large neutron continuum fro» the 3 and k body breakup 

reactions :-

6 5
Li+p -* Li + p + n - 5.66 MeV

6 LLi * p -* He + 2p + n - 3.7^ MeV

They suggest that the small width of the ground state, con* 

aidering it is unbound to breakup into He + 2p, and the 

small neutron continuum between the ground state neutron group 

and the lir.it of the a-body break-up reaction, indicates 

that this break-up isode is inhibited, rhe 1.5 KeV state can 

decay freely into Li •»• p (* = 0.9 . eV) but its small wiath 

could be explained if its j" » 2^ since then p-wave proton 

emission would be necessary for its decay.

Gulyaoov et. al. measured the ,. of the reaction and 

the width of the ^round state using 9.96 KeV protons onto a 

65 keV thick Li target. Their results were :-



<i - - 5.08 - O.OU heV 

0.1U - O.ol* MeV»

Be la the Tg «-l member of the T « 1 triad at uass 6, 

the other members being He (Tz » +1) and Li 6 (i'2 = o). Cne 

is often able to predict the position of excited states in 

a nucleus by looking at the structure of its isobars. Be 

should therefore have the same level structure as t e and also 

as the I « 1 states In Li . In He , apart from the ground 

state the only other state definitely identified is at 

1.79 HeV (Al 60; Le 55; AJ 65), with a width uf loo K«». 

Alien also reported a level at 3»U f-etf but this was not con­ 

firmed by /ijzenberg-Selove. information on the T » 1 levels 

in Li is equally sparse. Two such levels nave been

identified, one at 3,56 MeV and the ^he>r at 5.35 i eV corres-
6 

ponding to the ground state arid 1.79 > eV state in the f:e .

Other narrow states in Li at 6.63 and b.37 i eV arc possibly
6 b 

r « 1. i'heir analogues in re and ue would be at 3«^7 and
6 

U.81 : eV. States in Li identified as T = v, ^re at £x = o.v,,

2.18, i(..52 and 5.6 KeV. The levoi structure of the u.ass 6 

triad is summarized in Pig. (3.1).

•ihe properties of the levels of i..i are well accounted 

for by the interiaediate coupling calculations of l,>.0iis
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I In 53). The states evidently arise from the p configuration 

and the yalue of the parameter e/K » 1.3 indicates that L.S. 

coupling is a good approximation. The properties of the

first six states in Li are summarized in Table (3.1). On
1 3 the Inglis model the P and P components are expected at

EX ^ 10 KcV. Experimental levels are however observed at 

6.63, 7.1*, 8.37 and 9.3 MeV (La 66), but their properties 

and origin have yet to be found. In the T » 1 nuclei only

the components S-, D9 and P can occur. The ground
6 6 <: » 1 » u ! 

states of Be and He can be identified as the SQ component

with spin and parity of 0 . Likewise the 1.79 M«V level in
6 1 i/ + 

He ean be identified as the D2 component with J » 2 ,

but this assignment has yet to be confirmed.

Since the commencement of this work there have been
6 

several other reports of work on the Be nucleus. Honsaker

(Ho 6U) gives a value of 5.910 ± 0.020 KeV for the threshold
6 6 

of the Li (p, n)Be reaction, which gives a * value of
6 

- 5.060 t 0.017 fiaV. He also &ives the width of the Be

ground state as 81 t 17 keV. iiatty et. al. (Ba 65} using 30
6 

and 50 heV protons reported seeing several states in 3e at

excitations of O.o, 1.82, 2.38, 3.65. 5.95, 7.82, 9.33, 11.5,

1U.35 and 16.3 KeV. Eccles, Wong and nnderson (iic 66)

approached the problem in two ways. They studied the reaction
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TABLE 3.1

6
Levels in Li

"X

0.0 

2.18 

3.56

5.35 

5.6

T JV Configuration

0 1+ \

o 3" 3i> 3 

+ 1,
X ^ -J i,

C 2 + 3D2

1 2"" XD 2

^ -^ 
0 1 '-I
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and

He (He3 , n)Be6

Li (p, n)Be6

26 MeV He3 ions they bombarded a He1* target and 

observed the neutron spectra at 3°, 15°, 3C° and 45°. Ht 

each angle could be seen the ground state neutron group 

and a broad group consistent with an excited state in Be 

at an excitation of 1.6 - u.l rieV with a width of 1.1 ± 

0.2 iieV. Also seen was a large neutron continuum due to 

many-body break-up. There was no evidence for other excited 

states up to an excitation of 5«5 HeV. The angular distri­ 

bution of the ground state group was more ur less isotropic 

with o-(*-) ^ 0.3 rab/sterad. The Li6 (p,n)Be6 reaction 

confirmed these results. With 11.6 and 12.6 .ieV protons 

just the ground state and a broad excited state at 1.6 i.eV 

were seen, and again no evidence for the other states reported 

by batty. In both reactions the 1.6 heV state was excited 

more strongly than the ground state.

The He^(he^,n)i3e reaction was also performed by 

Gulyaraov et. al. (Gu 6?) using 3w ,.eV He-* ions. Tney report 

seeing the ground state arid a broad excited state at 1.73 - 

„ .1 KeV with a width of 1.7 - u»3 neV. n.ey ueasured the
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angular distributions for both the ground state and first 

excited state and found that both could be well fitted by 

squares of Bessel's functions of order 0, which on the Hewns 

theory of double stripping (Me 60a) indicates an L » 0 

angular momentum transfer. According to this both states 

should have J » 0 . This is in agreement for the expected

•pin of the ground state but in conflict with the expected

•pin of 2 for the first excited state. The work is aleo 

in conflict with that of Eccles et. al. who found an iso- 

tropic angular distribution for the ground state. The Russian 

paper does not explicitly mention the neutron continuum 

expected from the many body break-up reactions and it seams 

quite likely that their angular distribution for the excited 

state contains large contributions from the continuum. They 

do however point out that anomalous L « 2 double stripping
_ -j ^ ry

patterns have been observed in the case of B (t,p)J. (tti 6U).

Another approach to the problem was made by Rogers 

and wegner (Bo 66) and also by Mangelson et. al. (ha 66) using 

the reaction Li°(He^,t)Be . The results of both experiments 

are in agreement with the lp,n) and (He ,n) data except for 

that of Batty. Rogers observed the ground state and an 

excited state at 1.63 - ^.lo *'«V, P - 1.2 - 0.1 iieV, but 

no other significant structure up to an excitation of 10 heV.
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electrostatic generator*. For the experiment* with protons 

below 11 HeY the tandem alone waa used bat for the runs 

between 15 and 18 MeV the accelerators were used in the 

coupled mode. Using the tandem alone we were able to obtain 

a mean current on target of 0.015 P* after chopping, but in 

the ooupled mode the maximum that could be obtained was only 

k «a, la the latter case the limit was set by the injector 

which was able only to produce a D.C. current of 1 i*a. 

Because the currents which oould be obtained on target were

small, thick targets were required in order to produce a
£ reasonable neutron yield* The targets were made from Li

metal of 95 per cent purity supplied by A.E.u.t.. Harwell. 

Various forms of target were tried before a satisfactory one 

was found* Firstly targets made by evaporating the metal 

directly onto tantalum backings u.tl" thick were tried but 

at the proton energies used tne neutron background from the 

tantalum completely masked any yield from the lithium, rhe 

same was true for Li targets made in the same way. ivhis 

indicated that a transmission target was needed, so next the 

lithium metal was evaporated onto gold foil O.c( .1" thick.

The maximum thickness of lithium which cjuld. be evaporated
2 

onto such a backing was only 200 ug/cm . This type of target

too proved unsuccessful. Although the background had been 

reduced the yield from the lithium was still too soall to
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Bake measurements possible. Much thick*r targets were 

needed and since the levels in Be ware ax pec tad to be wall 

aaparatad targets as thick as 2 or 3 og/oa2 ( 3? 100 kaV) 

could ba used* Such targets could not ba made lay evaporation 

techniques but it was found to ba possible to produce 

lithiua foils of this thickness. The foils were sade by 

placing a small piaoa of lithium natal between two pieces of 

polythene and rolling it out in a pack roller, Xhe foila 

ware prevented from oxidising by pouring oil over them 

during the rolling process. l*hey were then mounted on tanta­ 

lum target holders which ware discs with a i" hole punched 

in the centra, and were kept iemersed in oil until required. 

Before they were mounted in the target chamber they were 

first washed in benzene to remove the oil, and then rapidly 

transferred to the target chamber which was than quickly 

evacuated so as to minis!ze the oxidation of the foils.

The target chamber is made from thin walled brass with 

a hole either side to allow the entry and exit of the beam, 

and can ba coupled to the beara line by Beans of two brass 

tubes 2* in diameter. It can also be insulated from the 

rest of the beam line so that the current stopped by the 

target assembly can be measured. The end section of the 

flight line is also insulated from earth to enable the
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transmitted current to be measured* The targets are mounted 

la the target chanter on an aluminium disc which has five 

holes In it to take five targets* The disc can b« rotated 

about its centre to enable any of the five targets to be 

exposed to the beam. It can also be tilted so that the 

target nay be set either at 90° or U5° to the beatn. One of 

the fire target positions has a quarts plat® permanently 

fixed to it. The quartz is used as a guide when foousslng 

the bea® before an experiment. To do this a television 

camera is focussed or to the quarts through a porthole in the 

side of the target chamber. The picture can be watched 

on a screen in the control room. With the beam brought to 

a good focus on the quartz, the target is put into position. 

Fine adjustments are then made to the beam deflectors to 

make the current stopped by the target assembly a lainiaum. 

This ensures good transmission through th® target. The 

experimental layout Is shown in Fig. (3.2).

After passing through the target the beam is ntopped 

in the end section of the line on a lead stop. Ideally the 

flight line should be extended so that the beara stop can 

be located in a hole in the wall at the back of the target 

room, but the divergence of the beam is such that it would 

strike the walls of the flight line before reaching the
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stop. The stop is therefore located about five metres 

froaa the target. At the proton energies used there is a 

considerable neutron background produced by the beam hitting 

the lead stop. In order to reduce this, and also to remove 

any neutron background caused by the beam being scattered 

Into the walls of the flight line by the target, the end 

section of the flight line Is surrounded by a 3" thick water 

jacket. This amount of water is sufficient to slow the 

neutrons down so that the bias on the detector cuts them out. 

When a carbon foil was used as a target in order to simulate 

the scattering expected from the lithium foils the neutron 

background was found to have been reduced to a negligible 

level. One disadvantage of the shielding was that the

smallest angle at which the neutron detector could be placed
o was 15 for a 2 metre flight path.

6 
Excitation functions for the Li (p,n) reaction were

measured at 30 , 90° and 150 for proton energies between 

7 MeV and 11 MeV with 200 keV intervals. In addition angular 

distributions were measured at 8.3, 9.0, 9.6, 10.0, 10.5, 

15.0, 16.55 and 18.0 MeV proton energies. For the measure­ 

ments below 11 MeV a flight path of 2 metres was used but 

at the three highest energies flight paths varied between 

3 and k metres depending on the angle of observation, the 

forward angles requiring a longer flight path in order to



resolve the neutron groups* The angular distributions
were j

160°.

were jneasured at 15° and at 10° Intervals between 20° and

Hesults and discussion,

The results of the experiaects can conveniently be 
divided Into two sections. The first section deals with 
eeasureisents taken with Incident proton energies below 
11 KeV, and the second with sBeasureraents for proton energies 
above 15 *'eV.

a) bixperiaents below 11 Key

In this region an excitation function, and angular 
distributions at 8.3, 9.0, 9.6, 10.0 and 10.5 t,eV were 
measured. On every spectrum the neutron group corresponding 
to the ground state of be was seen. Typical time of flight 
spectra are shown in Figs. (3.3)t (3«U). The striking 
feature of the spectra especially at fur-ward angles is the 
intense neutron continuum caused by the multiple break-up

reactions
6 5Li + p -» Li' * p + n

k -» He + p -f p •»• n

The intensity of the contlnuura falls off rapidly with
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1noreasing angle of observation and la scarcely detectable 

at backward angles. The oontinuua in general show* little 

or no structure although at a few angles and energies 

especially above 10.0 H*V there appears to be discontinuities 

in an otherwise smooth neutron distribution* Over the range 

of energies covered by the excitation function the peak of 

the continuum always fell in that portion of the spectra 

where an excited state of Be at about 1*6 fieV would be 

expected to be seen thus aaking the observation of a broad 

state difficult* For bombarding energies below lo.O ;.e7

there was no definite indication of any excited states in
6 

Be i but above this energy the continuum did develop a broad

peak which could be explained by the existence of a broad 

state in Be at about 1,7 HeV. Ihere is no obvious indication 

of any other excited states and definitely no sharp states 

other than the ground state up to an excitation of l+.C fieV. 

The small neutron group at higher neutron energies than

the Be group is that fros the ground state and firstg.s,
excited state of Be formed by the (p, n) reaction on the 

small amount of Li impurity in the target.

Before the angular distributions and the excitation 

functions for the Be ground state group could be extracted 

an estimate of the shape of the neutron continuum beneath



the ground state group was needed. From pure phase space 

considerations the probability of . bservi/ui a particle 

with ener<jy EQ In the centre -f nass froia a three body 

break-up reaction is ^iven by

where £,_ is the iiaxinurr. allowed ef.-ertjy for the

(tie. '.>U) • Similarly for a four body break-up reaction the

probability is

C* and C> are constants. 

Converted to the lab. system these expressions have the forra

2

« -IT* * fik

where
K-j » suia of final niasses for 3 body reaction

F.^ *s sura of fir.'J masses for !+ bouy reaction 

OQ * tsa«s -f observed particle 

sip » mass of incident particle 

•t * mass of target



a - (BBp
•p * «t

S « lab. energy of incident particle 

® » lab. angle of observation 

Eyot • total energy of systeo

"4 t
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These distribution-.* can be converted fr.;i. an e; orgy 

scale to a time of flight scale by the relations

and

aii'l finally corrected for the v^riatio:* of the dutecl,.r's 
efficiency *>!(.-.) to ^i?e tus ejected shape of tr.e neutron 
continuum o?. a tirae of flight sjs-stru.-,.

dt

dtand ?(t,T)dt a 'V(E)'Vj

Spectra based on these distributions wore calculated
usin , a A i>r-7 cora^uter for the reactions
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•* LI5 + p + a 1)+ p •* + p

LI6 + p •* He1* * p * p + n 2)

U * p •* He1* * 2p + n 3)

The latter reaction assumes that the two protons are 

emitted as a dlproton.

An attempt was then made to fit the observed spectra 

to suitable mixtures of these three theoretical spectra. It 

was found that the experimental spectra could be well 

represented by mixtures of reactions 1) and 2) especially 

for high neutron energies. The fit was less good at the 

low energy end of the spectra. Also the higher the bombarding 

energy the better the fit. There was however no Indication 

of a contribution from reaction 3). Figure (3«5) shows the 

experimental neutron spectrum for Ep * 11.3 tt«V at ?J* 

together witu the calculated neutron continuum and the 

result of subtracting the continuum fro.;, the observed spectrum, 

Assuming the shape of the calculated continuum to be correct, 

the subtracted spectrum clearly shows the ground state group 

together with a broad neutron group which can be identified 

as being due to an excited state in Be at an excitation 

of 1.7 i 0.1 HeV with a width of 0.7 - ^.1 KeV. I'he broad 

distribution at the low energy end of the subtracted 

spectrum could possibly be due to a broad state in Be0 at
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about 3 HeVf but is more likely to be due to a departure 

of the continuusi froo a pure phase •pace distribution. A 

possible cause of distortion could be the Couloab interaction 

between the residual nucleus and the protons from the break­ 

up similar to the Coulomb distortion of 0 ray spectra. £he 

repulsion between the protons and the residual uucleus will 

increase the number of last protons. Xhe effect of this 

will be to increase the nuober of slow neutrons, i'his is 

just the observed effect. The phase space oalculations 

consistently underestimate the magnitude of the experircental 

continuum at low neutron energies. As can be see;, froia Fig. 

(3*5) ^ust of the neutrons in the continuum arise frou the 

four body break-up reaction. This is contrary to the con­ 

clusions of Ajj&enberg-Selove (AJ 59) who su^estea that this 

break-up mode was inhibited. It is now seen to be the r.ost 

probable atode of decay* The variation with angle of the 

four body contribution, to the continuum followed closely 

that calculated from phase space co,:i lier^tione. It also 

showed the same variation with bornbardijat, energy.

The calculated continuum always could be fitted to the 

experimental continuum iu the region of the Be ground state 

neutron group. TMs was then subtracted to t,ive the number 

of counts in the ground etate group thus enabling the
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excitation functions and angular distributions to b« plottod. 

Figure (3*6) shows the excitation functions thus obtained at 

30° for Ep - 7 to U,3 K«V and at 90° for Ep » 8.0 to 11.0 

HeV. In each case the cross section remained approximately 

constant and showed no significant structure over the entire 

energy range covered. Small fluctuations were not re- 

produoeable and can be explained by non-uniformity 1*. the 

target thickness. In any case the fluctuations were no more 

than 1O per cent of the total cross section, only Just outside 

the uncertainty produced by the subtraction of the background 

and in the .Measurement of the relative efficiency of the 

detector.

Figures (3.7) to (3.11) show the angular distributions 

obtained for the ground state neutrons at incident proton 

energies of 8.3, 9.0, 9.6, 10.o, 10.5 S'leV. These energies 

were chosen as they were onoe believed to be points of maxima 

arid toiniaa on the excitation function. The solid lines are 

least squares fits to the experimental points of a series 

of Legendre polynomials. Die characteristics of the uv 

distributions are :-

o1) they are not syonetrlcal about 90

2) they are strongly peaked in the backward direction.
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In each case the cross sootIon at 180° la three to four 

times that at 0°,

A series of Legendre polynomials of the form

*0 (1>o * *1 Pl + *2 P2 + • ' ' *n Pn )

was fitted to the experimental angular distributions by the 

method of least squares using a PDP-7 computer, lu each 

case the first three polynomials were sufficient to obtain 

a good fit. The coefficients of hi&her order polynomials 

were an order of magnitude smaller than those of the first 

three, and the same magnitude as the calculated variances 

of the coefficients and were so not significant, rhe values 

of the coefficients of the first three polynomials together 

with the computed errors are given in Table (3*2).

If the absolute differential cross section had been 

measured then the total cross section for the reaction would 

be equal to 4wa . nowever in this case since the absolute 

cross sections are not known the coefficient ao is Just a 

normalization constant. The shape of the angular distribution 

is seen to be independent of energy indicating that there 

are no resonances in the cross section over the rur^-e of 

energies used, in agreement with the excitation function. 

The general shape of the angular distributions agrees with
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that obtained by BogAanoT et. al. at 9.6 KeV (Bo 58) but 

differs In the ratio of th* orosa section at 0° to that at 

180°.

AssuBing that the reaction proceeds through trie compound
7*nucleus Be the following conclusions may bo drawn. Sinoe

the excitation function shows no resonances there are no 

well defined states in Be between excitations of 12 and 15 

KeV, This is not surprising at this excitation w..ere 

resonances are expected to be broad. Also as the cross 

section is constant over this range of energies, the region 

of excitation in the compound nucleus must be well away from 

any state in Be . fhe highest known state in i3e is at 

9.9 KeV with a width of 2 KeV (ila 63). The reaction could 

proceed through the tail of such a broad state. Since both 

odd and even order polynomials are required to fit the 

angular distributions there must be a contribution to the 

reaction frotn states with both odd and even ijarity. If the 

reaction proceeded through a-i isolateu state in trie compound 

nucleus only even order polynomials would be r«<iui red to 

fit the angular distribution. Prom compound nucleus tneory 

(31 52) if a reaction proceeds through an isolated resonance 

the highest order Legendre polynomial appearing in the 

angular distribution is if (oosQ) where^^ 2L or 2J-1,



which ever is t .« sualler, where I> is tne an0ul;ar u^^e 

of the highest partial wave iu i^t- transition and J is trie 

total syin of the compound state. If there are two ^c ..ore 

i-.terferi.it, levels then botL cdcL ar.u even order polyn',.. iols 

can appear. In the present case the highest ora<. ; r ,,o.lynoraial 

appearing is Pg so that t, e hi^nest partial wave t.xi.ing part 

in the reaction is LJ^e p wave. Jut sincu Dutr, odd an<i --.von 

order polyrofnials appear r,;.erc must L»e interfer nee between 

s >/uve and p wave neutr >: s.

Using the K.etr.oa of analysis adopted, by Tasokek (i'a 48} 

t:,e amplitude f the neutron wave cu:, oc written as

f(r) = c i* (cosw) «• o o

where Ci « a. exp(l ?•

«:icc trie intercity oo^e/vc^i at an Angle w ir. t.-<o cenire 

.a3S is

This can be written as

po * * a



2
where a » a + ~r 

o o 3

a, « 2a a cos(8 -3 
1 01 lo

f

From the experimental data the parameters u , u^ 

and oos(j?.-; ) may be cu, to rained, xhe results --.-ax &iven 

i.-: .able (3.3).

The amplitude of the neutron wave for the 1*. .5 i.e'v' data 

can therefore be wrlttet as

f(w) = 0.71 A- Q * 1.23 exp (C.' ; 9i7r} ?1

This shows clearly the lcirj;j e contribution from Lsie p wave

neutrons to the reaction.
r + 

r'he final nucleus . e"1 is expected to have s..,in o .

Assuding this* tne selection rules «evcrel,y li, it trie t. .ins 

of any cosapound state vhich roight be excited b, the reaction, 

Tnes© are ^iven by the relations

if * 4 T -n

«rc =

where Jc w is the spin and parity of the co',: £,o^ .u state
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Jf *f l* ttl* "pln and ^*rlty of the final nucleus 

Sn i« the spin of the neutron « | 

-r n is the angular aonentun of the outgoing neutrons*

Since Jf m Q and »f • +1, the allowed spins of the 
ooapound states are :-

v +
«J - I for the s wave contribution o

and

'e - » w* Jfi»o ,- , . J * 9 or 3/« for the p wave contribution.

The spin i"" oan be eliminated since the angular distribution 

of particles froa the decay -f r.uch a state is United to a 

PO term and honce would be isotropic. merefore the two 

states ID the compound nucleus contributing to the r-eaction 

hate Jw » i* and 3/2~ . Since tae ratio of the amplitudes 

of the p wave to s wave neutrons does not vary systematically 

with energy it can be argueu that the two interfering levels 

are probably close together. The level in Be at y.9 i.«V 

has been tentatively assigned J^ « 3/2" (Ha 63) and could 

be the negative parity state c.i.tribating uo the rxviction. 

.'Co positive states in Be are known but i,ane (La 60j predicts 

the existence of such states, ne considers tne.Ui to be single
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particle states produced by a partial* in the 2a.»

or l&^ shells outside a Li core* The energy of these

states Is calculated assuming that the bidding energy of
13 these particles to the core is the sa^e as in C , i.e.,

1.8?, 1.06 and - 1.92 HeV respectively « Since we are looking

for a positive parity state which breaks up into 3e plus
6 a neutron we can assume the core to be the fie nucleus*

The excitation energies of the states so predicted would 

be 8.80, 9.61, 12.59 $eV with spins $ , V2*» 3/2 . we are 

also looking for a positive parity state with spin & which 

decays by s wave neutron emission and therefore this points 

to the state rejicted at 6.6 HeV. It also satisfies the 

requirement of being near to the negative parity state

assut&ed to b« at 9.9 KeV. A similar argument can be applied
-> 6 to the J/2* state. If it is pictured as a Be core plus a

1P3/2 neutron, and assuming that the binding energy of a

neutron is the same as in C , i.e., 1.2? HeV, it would

have an excitation energy of 9»k FeV. This compares favour­ 

ably with the energy of the known */2 level at 9.9 SieV.

b) fcxp^rj.aeji^g above Ijji EieV

The appearance of tne first excited state of 3e at 

the highest bombarding energy available froa the tandem
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prompted the investigation of the Li (p,n) reaction at the 
much higher energies obtainable u*in& the accelerators in 
the coupled mode. This move was immediately rewarded. Figure 
(3*12) IB the spectrum obtained at 80 using a beam energy 
of 15.0 i >eV and shows olearly the ground state of Be 
together with a etrur.g broad neutron group which can be 
Identified with a state in Be at 1.6? iieV. This excited 
state Ct uld be identified on every spectrum recorded and mean 
values for its excitation and width obtained frora fijeaaure»eRts 
at lit different angles with an incident energy of 15.^ i'-aV 
are :-

£x » 1.67 ± 0.05 

- 1.18 i 0.1,7

With a bombarding energy of 16.55 HeV we found evidence
for a second excited state in be . Several spectra taken

o ,. o o at this energy, ira .-articular those f < v 5<- » &0 , 1^5 and
130 showed buaps ~n the J;igh excitation aide of trie I.o7 i.eV 
group which can be explained by the exietn ce of a state at 
about 3.- fleV. Tnis etate if it exists is niuch narrower 
than the 1.6? Ke/ state. Figures (3.13) &n& (3^1U) show

o o the spectra taken at 60 and 105 • ^Iso shown is the
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calculated four body break-up continuum* Further evidence 

was found for a possible second excited state on the spectra 

recorded for a bombarding energy of 18.0 KeV. At this 

energy the 1*67 heV neutron group appeared broader than Its 

previously determined width of 1.2 fceV suggesting that there 

was a contribution from a weak unresolved level at a 

higher excitation.

We obtained angular distributions for the ground state 

neutrons at 15.u, 16.55 and 18.0 HeV v and these are shown 

In Pigs. (3.15) to (3.17). At 15.- HeV we also obtained 

the angular distribution for the neutrons from the first 

excited state of Be , and this is shown in Fig. (3.18). To 

obtain these angular distributions, a four body break-up 

continuum, calculated as described in the previous section, 

was first subtracted, At these higher energies it was act 

found necessary to include a three body coaponent in order 

to fit the experimental spectra. The solid lines in Figs. 

(3.15) to (3.18) are the result of fitting a series of 

Legendre polynomials to the angular distributions» by the

method, of least squares.
6 A state at 3.0 KeV in Be could be the lowest se&ber

of the ^P multiplet. The calculations of Inglis [In 53] 

put this level at approximately 6 HeV excitation, but a 

more recent calculation by Barker [Ba 66} predicts the P2
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level to be at U.2 KeV in Be . fhe position however varied 

with the choice of parameter* used in the calculation and 

because of insufficient data on the raase 6 nuclei, the 

parameters could not be determined uniquely. If the above

Interpretation is correct then the spin of this state would
+ 

be 2 . AS mentioned in the introduction iiogers [.io 66 j

found evidence for an excited state at 3 -ev from the reaction 

Li (he ,t)Be v and & narrow state has been seen in Li at 

an excitation of 3.^7 HeV above the lowest 1 « 1 state [Al 60j, 

Alien et. al. also reported a level in He at 3.4 heV.

The ground state angular distributions obtained at 

15.« t lv.55 as^d 16.0 heV are quite differer.t from those

obtained at the lower energies, mere is no longer a strong
o backward peak. Although they are toore symmetric about 90

they are not so readily interpreted by compound nucleus 

theory as were the lower energy angular distributions. The 

sinplest series of Legandre polynomials which fitted the 

experimental points, required large contributions from all 

polynomials up to and including P^. The angular distribution 

for the 1.6? HeV state vFig. 3-18) is completely different 

in shape from the ground state one. Xhe simplest series 

of Legendre polynomials which fitted tnis angular distribution 

was •-
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«0 « (7.79 i 0,21) [P * (0.77*0.

Incident proton energies of 15 fteV and above would. 

reach excitation energies In the compound nucleus system 

above 20 tteV t and it la questionable whether it is valid to 

talk in terse of a compound nucleus. We have therefore 

attempted to interpret the data in terras of a direct reaction 

theory. The direct interaction model we have used is one 

of inelastic scattering with charge exchange [see Chapter 1 JB 

Calculations were made on the Atlas computer using a D.W.B.A. 

programme written by Dr. A.D. Hill, The initial state was

taken to have spin 1 and the configuration in LS coupling
13 6 of S. . The ground state of 3e wae assumed to hare spin

O* and the configuration S , while the 1,67 .-'eV state was
> 31 taken to hare spin 2 with the configuration D2 « The

optical model parameters used in the calculations were Perey- 

Buck parameters calculated for mass 6 nuclei. The results 

of the calculations are shown in Figs. (3*19) to (3.22). 

In no case is there any semblance of a fit. The calculations 

predict a backward peak for both i. - o and L • 2 transfer, 

and this is not observed experimentally. The theory predicts 

oscillatory structure for L » o angular momentum transfer 

and little structure for L • 2 transfer. Experimentally
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the ground state angular distributions exhibit oscillatory 

behaviour while the first excited state shows little 

structure, but they both have the opposite phase to that 

predicted* In view of this no definite conclusions can be 

drawn frots these results about the spins of the Be states. 

All that can be said is that either the D.w.b.A. is not valid 

for a target as light as Li , or else the reaction mechanists 

is not one that can be described as charge exchange inelastic 

scattering. A second type of direct reaction mechanism 

which cars be used to describe (p»n) reactions is a "knock-out" 

process. However, we have no predictions froia this model 

with which to compare our experimental data.

Summary

This experiment has verified the existence of an 

excited state in Be at an excitation of 1.6? - u.w5 **-«V

and its width has been found to be 1.18 - 0.0? MeV. This
6 6 

state is only weakly excited by the Li (p,a)Be reaction for

bombarding energies below 11 KeV, but at 15 MeV and above 

it is excited more strongly than the ground state. There 

Is also evidence for & second excited state at an excitation 

of about 3 KeV. If thi: state exists it is not as broad as 

the 1.6? MeV state and is only excited with reasonable



at angle* near 9C°.

Tfce angular distributions of the ground state neutrons 

aeasured for incident energies below 11 heV are independent 

of energy. They can be well represented by a series of the 

first three Legendre polynomials and as a result they have 

been interpreted in terms of compound nucleus theory* On 

the basis of this we have concluded that for incident energies 

below 11 HeV the reaction proceeds through two interfering 

states in Be at about U HeV excitation with spins of $* 

and 3/2 .

For energies above 15 KeV the angular distributions 

cannot be interpreted so simply* The first six Legendre 

polynomials are required to fit the experimental points for 

the ground state. These angular distributions are quite 

different in shape from the lower energy ones. The angular 

distribution for the first excited state differs considerably 

from that of the ground state suggesting that the spins of 

the two states are different. The experimental data was 

compared with the predictions of a direct interaction theory 

which assumed that the reaction mechanism was one of charge 

exchange inelastic scattering, but no agreement was found.

Our results have also shown that the Li (p,n)be 

reaction has to compete strongly with multiple break-up
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reactions. A comparison between experiment and pure phase 

space calculations has shown that the most probable break 
up reaction is

6 kLi + p -» He^ + p * p + n (1)

Below 11 tteV there is a. small contribution from the reaction

6 5Li + p -» Liv + p * n (2)

but at 15 • eV and above the break up appears to be entirely 

via raode (1). .-.t r.o energy was there evidence for di-proton 

emission.
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9 9
XKE D£CAX O.P be AND Li

Introductio

There has recently been interest In the ruoae ^t decay

of tne ciass 9 nuclei, and. in particular tne decay ;,.f the
9 9 2.J+3 *«V level in Be and of ite analogue at 2.3U i-e.yin B

I (wi 66; Ch 66). The question asKed ie "to what ex to; I is
U ^-4 

tne configuration (Is) (Ip) an adequate description of

the low lying states of nuclei in the Ip shell, ^a are
U ---5 

mixtures of other configurations such as ^ls) (lp) ilf)
3 r.-i*

and (Is) (lp) (2s) necessary to get a realistic ccscription

of these states", -hell roouel caiojiiitioaE a.iV'i. ,. „;. .r-
4 -.-ii 

forced in ter.;.« of tr. . oasic confic.ui-^tion Us) (lp>

[see for example ba 66; oo c5j ana these have n.-jj. c^:.:.-:iier^ol 

success in -ro., ioting level spacious, s;.'ins, parities, fj 

decay matrix elements, magnetic : Ot:;e;!ts ana i-.l t-r .,>. .L;I tion 

r.ites for trie low iyinr: nuclear states is^ the 1. ;-•;•. cii. 

This ia tU'-refore a gooa ir: lic^tio:, ,nat bht. uaiiic coni't^ura- 

tion ::ukes up tne oulk of tno wavef unctions, srowev.r L:.« 

j.earured quadrupole rr.on.^nts ana 1.2. trar.sitioi: ratet- ure 

fro.4uer,tly ouch larger thuii CuOse ,,r'c.iioieci f 0- ^i:c cu,. u Gi<ell
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•odel wavefunctiona implying that there is a sufficient 
aixture of other configuration* to affeet these nuclear 
properties.

Such a situation occurs with the state in be9 at 2.U3 
HeV or with its analogue in B9 at 2.3U KeV. Its properties 
are well described by the shell model. It is predicted to 
lie at an excitation of 2.1* KeV, its HI radiative width is 

(0.12 ± 0.02) fV compared to the calculated value of 0.06 eV (

and the log. ft value for the beta decay of Li" to the
o , 2.43 HeV state of Be7 is k»7 - 0.2 compared to the predicted

value of 5.0 (Wi 66). However its £2 transition rate to 

the ground state is extremely strong» thus Implying that 

configuration aixing is present. Energetically this state 

can decay in the following ways.

Be9(2.43 HeV) -» Be8(g.s.) + n -* 2a + n 1)

^ Be8 (2+) 4- n -* 2a + n 2)

^ He^ * a -* 2a * n 3)

-» Be9(g.s.) + Y U)

AAlthough it lies below the nominal energies of lie (2"*") *• n 

and He* •»• a, it can still decay via codes 2) and 3) since 

Be8(2*) and He^ are broad states. The spin and parity of
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Q ^(2.U3) i9 5/2* and so decay by mode 1) requires emission 
of an 9 m 3 neutron. Therefore by looking for the decay 
of this state via node 1), one can discover whether the wave 
function of this state contains an admixture of the con­ 
figuration (Is)^(lp)Slf) and If euch an admixture Is found 
to exist, then a oeasurement of the branching ratio for 
decay mode 1) will determine the amount of the admixture In 
the wavefunction.

The neutron decay of the 2.U3 HeV level In Be^ to the
Q

ground state of Be has been observed by Christensen and 
Cooke (Ch 66) v while the proton decay of the mirror state

O aIn Ir to the ground state of Be has been Investigated by
Wllklnson, Saraple and Alburger (Wi 66). Using the reaction
73 9 L.l'(He ,p)Be Christensen populated the low lying states In
QBe' and then looked for neutrons from the decay of these 

states. Their method was to look for coincidences between 

protons and neutrons and to measure the neutron energies by 

the associated particle tir,e of flight technique. By 

setting windows on different parts of the proton spectrum

they were able to investigate the mode of decay cf the low
o lying,neutron unbound states in Be . Their results showed

that the najority of the decays of the 2.UJ MeV state were 

via modes 2) ana 3), but in addition (7.5 -1.5) per cent of
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the decay* were indeed by •* •» 3 neutron emission to the
» 8Be ground etate. This Indicated an admixture of the

configuration UaUjOUf ) in the wave function of U.I i 

0.6) per cent. On the other hand Wilkinson in his stud/ of 

the mirror decay, populating B9 by the reaction B10(He ,a)B

failed to observe any proton decays from the 2.3J* haV
8 level to the Be ground state. He concluded therefore that

Q
the 2*34 MeV state in B decays by less than w.5 per cent 

by this mode, which puts an upper limit on the percentage 

admixture of the configuration (la)^(lp)^(lf ) of 0.55 per 

cent.

A difficulty common to both these experiments is the
g possible confusion of the real tie ground state decays of the

5/2~ state with the we ground state decays of the nearby 

broad ^/2* state at 3.^3 heV in fle and 2.U3 hetf in B . In 

fact the main mode of decay of the $/2 state ie by nucleon
u 

decay tc the Be ground state. v>ne would therefore like

a way of preferentially populating the /2 state, ouch a
9mechanists is available in the case of Be . This is the beta

o 
decay of Li which populates cniefly the ground state and

2.U3 HeV state in Be^ (Al 63). The broad even parity state 

at 3.03 KeV will not be populated significantly ic this way 

since it would be a forbidden tradition. * neutron time
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of flight experiment in which neutrons are looked for in 

coincidence with beta particles eould then be used to observe 

the required decay mode free frora contamination by the even 

parity state* Also one would hope to be able to sort out 

the ground state decays of the 2.^3 MeV state from the 

continuum of neutron* which will arise from decay modes 2) 

and n.

An Interesting feature of the A - 9 level scheme is the 

non-appearance so far of the J* « |" state predicted to lie 

in the region of the 5/2~ state (Co 65; Er 6U; Ba 66). It 

is predicted as having the same log. ft value for population 

by the Li/ decay as the J* •» 5/2 state. This state could 

be responsible for the observation of beta transitions to 

the region above the */2 level (Al 63). The J" level could 

well be broad since it would be able to decay to the ground 

state of Be by Jr « 1 neutron emission and this could well 

have inhibited its discovery especially with the proximity 

of the broad V2* level. In addition the shell model 

calculations of i^rauOian (Lr 6U) and Barker (r3a 66) predict 

a level in the region of k.k HeV excitation with spin 3/2"" 

which should have a log. ft value for population by the 

beta decay of Li^ comparable with that for the 5/2* level, 

A neutron tiae of flight experiment mi^ht also prove useful
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in detecting these higher states. Delayed neutrons have 

been observed from Li9 (Al 63; So 65) but they were not 

studied by tioe of flight, and in neither case were precise 

energy measurements possible. Alburger used a plastic 

seintlllator to detect the neutrons and based his deductions 

on the shape of the proton recoil spectrum, while Schdneberg 

used as a neutron detector a Li 1 crystal* which has only 

modest energy discriminating properties. Both however did

observe neutrons which they attribute to the decay of the
o 

2.43 tfeV state in Be . In addition Alburger detected neutrons

up to a maximum energy of between 3 and k»5 MeV.

In order to clarify the situation we have performed
o 

the necessary tirae of flight experiment. Li was formed by
7 9means of the reaction Ll'(t,p)Li . The formation of an

9 9 excited state in Be by the beta decay of Li' was signalled

by the detection of a beta particle and a neutron in 

coincidence. The neutron energies were measured by the 

associated particle time of flight technique, the associated 

particle in this instance b«in£ the beta particle.

Experimental Procedure

9 79Li was produced by means of tr.e reaction Li'(t,p)Li .

A piece of Li metal 2 eras, square and ^.5 nira. thick was
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boabercied with 7 fc»Y tr lions fron the A.w.tt.E, Al derma* ton 

tandem accelerator. A rotating shutter placed between the 

accelerator and the target allowed the target to be Irradiated 

for a period of approxiaately 1 sec., and then Interrupted 

the bean for 1 sec. Thus during the "bean on* period, 

which la about six lifetime* of Li* (t. - 169 m sec.) Li*

was produced and la the "beam off" period the subsequent
9 decay of Li was studied by looking for beta-neutron coinci­

dences, The highest energy beta particle expected from the
o 

decay of Li 7 is 13,5 KeV, and the beta detector was chosen

so as to be able to stop the highest energy beta particle
o 

from Li . The detector was therefore a block of plastic

solntlllator NelQ2, supplied by Nuclear enterprises Limited, 

Edinburgh, 9 inches square and 3 inches thick. It was placed 

$ inch froa the target at an angle of 45° to the beam 

direction [see Fig. 4,1]. with this arrangement the detector 

subtended a solid angle at the target of approximately 2ir. 

Coupled to this ecintillator by means of a light pipe was 

a 56AV? photomultipller wired so as to give a fast timing 

pulse from its anode and a linear pulse from its eleventh 

dynode. The resistor chain used for this photooultiplier 

was the same as that used for the XP Iw4w [^'ig 2.7 ̂. i'he 

neutron detector was tne one described previously in Chapter 2,
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•xoept that pulse snap* discrimination against gamtis rays 

was not used* The reason for this was that it was necessary 

to operate the detector with a bias of below 100 keV in order 

to detect efficiently the neutrons from the decay of the
Q

2.43 KeV state in Be , which should have an energy of 680 keV, 

and with this low bias the F.S.O. technique we have used is 

not very efficient. The bias was set by requiring that the 

detector should record the 60 keV gamma rays from an Am 

source. The gain of the detector*s amplifier was then in- 

creased still further by a factor of two in order to make 

the bias as low as possible, without getting too far into 

noise, and to thus ensure that the efficiency of the detector 

for neutrons between 0.5 HeV and 3 H*V was approximately 

constant, since we were not able to calibrate the detector 

during this experiment. It was also checked that all the 

light pulses which triggered the linear signal discriminator 

also triggered the fast signal discriminator. There was one 

further modification to the neutron detector and also to 

the beta detector. In order that the photomultipliers and 

associated electronics should not be overloaded during the 

period that the beam was on the target, it was arranged that 

the photomultipliers were gated out during the beam on 

period. This could not be done by simply switching the EliT
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to the tube* off and on because of the relatively long 

recovery tine of the tube* (approx. 0.5 see.). Neither 

could it be done by grounding the first dynode of the tube 

during the beam on period for the same reason. It was 

found out however that if the first and second dynodes were 

shorted together during the beam on period, the gain of the 

photofiuatipllers was reduced to such an extent that as far 

as the subsequent electronics was concerned the tube was 

switched off. When the short circuit was broken the tubes 

recovered within 1 tisec. A sticroswiteh connected to the 

drive motor of the rotating shutter operated relays which 

made and broke the short circuit between the first and second 

dynodea of the photonultlpliers. Another raicroswitch also 

operated a relay which switched on the recording equipment 

during the beats off period. The beam interrupter was driven 

by a 32 r.p.B. electric aotor and was placed immediately 

after the analysing magnet of the tandem. The target room 

was shielded from background caused by the beam striking the 

interrupter by a thick concrete wall.

The experimental layout of the target and detectors 

is shown in Fig. (4.1). The beta detector mid target was 

enclosed in a light tight thin walled brass target ch ±®ber. 

A quartz viewer could be placed in the target position and 

oould be observed through a port-hole in the side of the
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target chamber. This port-hoi* wan of course covered up 

before the EHT of the beta counter'* phototube was switched 

on* The quarts viewer was used to make sure that the beam 

from the aeeelerator was striking the centre of the target. 

For this alignment check a 2 MeV proton beaa was used and 

so the viewer could be observed directly. The angular 

position of the neutron detector for this experiment is 

irrelevant. Since we are only making measurements during 

the beam off period there can be no angular correlation be­ 

tween the direction of emission of a neutron and the direction 

of the incident beant and any angular correlation that might 

exist between the direction of emission of a beta particle 

and that of the associated neutron is lost since we are 

detecting betas emitted into a solid angle of 2tr. For con­ 

venience the neutron detector was placed so that it was in 

line with the target and the centre of the beta counter. 

The neutron energies were measured by their time of 

flight using the associated particle technique, the associated 

particles being the betas* This technique has been described 

in Chapter 2, In order to keep the counting rate in the 

beta channel down to a reasonable level the bias on the beta 

counter was set on the Compton edge for tne 0.51 MeV 

annihilation gamiaa rays. This reduced the number of pulses 

caused by positron activity, induced in the target chiefly
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by the inpurity reaction O^U.o)?18 . In order that the 

random coincidence rate was not excessive the beam from the 

accelerator was limited to 10 n.a. Plight paths for the 

neutrons varying between 60 ens. and 116 cms. were used and 

tine of flight spectra were recorded at eaoh flight path for 

several hours, the tine spectrum was calibrated by Intro­ 

ducing known lengths of delay cable into the stop channel 

and observing the shift of the gamma-gamma coincidence peak. 

The calibration was found to be 1.28 n.sec. per channel. 

Proa the position of the gamma-gaaaa coincidence peak we 

could also determine the position of the time zero on the 

spectrum by making allowance for the known flight time of 

gamma rays from the target to the detector; i.e., 3*3 n.sec. 

per (setre.

Results

Tine of flight spectra recorded with flight paths of 

80 CBS. and 116 eras, are shown in Figs. U.2) and (4.3). 

Clearly visible is an intense peak due to gamma-gamma and 

beta-gamma coincidences. This peak conveniently fixes the 

time zero for the spectra. Also visible is a sharp neutron 

group with an energy of 720 keV, a broad group or groups of 

neutrons with energies between 1 i.eV arid U s «V, and a
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distribution of low energy neutrons ranging from about 

500 keV down to below 200 keV. The enormous background 

underneath the spectra arises solely from random coincidences 

between the two detectors* The magnitude of this background 

is consistent with the counting rate in the two channels 

and a resolving tine of 250 n.aec. The resolving time of 

250 n.seo. is vet by the range of the time to pulse height 

converter. The tiae sorter will only produce an output pulse 

if it receives a stop pulse within 250 n.sec, of receiving 

a start pulse.

We can immediately identify the sharp neutron group at

720 keV with the neutrons from the decay of the 2.1*3 KeV
9 8 state of Be to the ground state of Be which are estimated

to have an energy of 680 keV. The continuum of neutrons
9* presumably arises from the decay of Be to the broad first

Q

excited state in Be and also from the sequential decay mode 
Be9 *-»hV* + He5 -» He1* + He1* + n.

Both spectra are consistent with the existence of 

a broad neutron group with a mean energy of 1.5 iieV and a 

width of 1.0 KeV together with one or more groups. In ^ig. 

(U.^a) we show the result of subtracting from the 116 era. 

spectrum an estiaate of the random background oxid the low 

energy neutron continuum. We also show in i?ig. (U.Ua) a 

Breit-Wigner fit to the broad group for a neutron ^roup with
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an energy of 1.5 HeY and a width of 1.0 HeV. This clearly 

•hows the existence of a higher energy neutron group. Figure 

U.Uo) shows the result of subtracting the Breit-tfigner fit 

fron Pig. (U.lta), and this indicates the existence of a 

neutron group with an energy of 2.6 MeV and a width of 

approximately 1 MeV. The 80 era. spectrum is not inconsistent

with this interpretation. Assuming that these neutron groups
o arise frosi the decay of excited states in Be to the ground

g o state of Be , the excitation energy of these states in Be

would be 3.35 - ^.K K«V and 4.6 t c.2 KeV.

These delayed neutrons which we nave observed can
o 

only have come from the decay of Be . They cannot be explained

as arising from trlton induced reactions on possible im­ 

purities in the target such as 0 , » and C , nor can 

they be explained as coming from other reactions induced by 

tritons on Li . Most of the reactions energetically possible

form final nuclei which are stable against beta decay, and
9 the few beta emitters which can be formed, other than Li ,

such as Li , He and P all decay into nuclei which are
q stable against neutron decay. Li' is tho only one which

can be formed which beta decays into a neutron unstable final 

nucleus. In view of this the only pcsbible source of the 

neutrons which w* have observed is froa the decay of excited
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states la B«9 populated by the beta deoay of Li9 * A 
measurement of the lifetime of the beta emitter producing 
each of these groups would eettle the aatter but unfortunately 
we were unable to make such a measurement.

The results of this experiment clearly show that the
o 

decay scheme of LI* is not as simple as that proposed by

Alburger (Al 63) t namely that the beta decay is to the ground
o state and to the 2.U3 MeV state in Be . Hie existence of

decays to the state at 2. 1*3 HeV is confirmed, but in addition 

the beta deoay is found to populate higher excited states
qof Be7 * These states are at excitations of 3,35 ± 0.10 KeV 

and at k.6 £ 0.2 HeV, and have not previously been observed. 

The widths of these states are l.u t 0.2 MeV and approximately 

1 MeV respectively.

The observation of neutrons from the ground state decays 

of the 2.1*3 M«V state is in agreement with the work of 

Chris tensen and Cocke. We are however unable to make an

estimate of the branching ratio for the decay of this state
9 by neutron emission to the ground state of 3e since such

a measurement requires the knowledge of the absolute 

efficiencies of the neutron and beta detectors, aid also
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we do not know what fraction of th. counts recorded by
Qthe beta counter was due to beta particles frc-rc Li , in

f\particular those populating the 2.U3 KeV level uf Ee y .
uur results are in conflict with those of ichoneberg

(Sc 65), We hare found ground state decays from excited
9 states in Be above 2.^3 r-.eV while Schftneberg found no i

decays. It seems likely, though, that he could easily have
6ruissed detecting these neutrons. He used a Li I crystal

to measure the energies of his neutrons and tinccs even a 

monoenergetic neutron group does not produce a sharp peak in 
the spectrum from such a crystal, the spectrum of tw broad 
neutron groups representing energies between about 1 KeV 
and U i.eV would be spread over Kiany channels thus m ;king 
the observation of such states above the back^rou..<j difficult, 
in our spectra, because of the relation be twees, energy and 
time of flight, these higher energy neutrons are conpressed 
into a small region OK the spectrum with the result that 
the intensity of these groups relative to the bacX^rour.u is 
enhanced. To net an idea of wnat would happen to our spectra 
if they were recorded on a linear ^ct.le compare r'i rjs. (U.2) 
aiid (it.3). Althou^n both spectra are still ors a ticiu L;cule 
one can see the effect of spreading cut the br^.ad O rou^s. 
The longer flight path used to obtain the spectrum s:.own
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in Pig. (it.3) has caused the broad neutron groups to spread 

out while the monoenergetic group has remained sharp. But 

one can see that the apparent relative intensity of the 

broad groups to the sharp group has dropped considerably. 

If therefore the spectra had been recorded on a linear 

scale, as in the case of the spectrum from a Li I crystal, 

then it is quite possible that these neutrons would be lost 

in the background. All that Schdneberg did see was a 

continuum of neutrons with a high energy end point of 760 keV 

which he attributed to the decay of the 2.1*3 MeV level into

He^ + He^ + n. He was unable to see the decays of this
g state to the ground state of Be .

Our results do however confirm the suspicions of

Alburger who found inconclusive evidence for neutron decays
o 

from states in Be above 2.U3 HeV. He did see neutrons with

energies up to between 3 and U.5 i-.eV, though the intensity 

of these neutrons was much less than those from the decay 

of the 2.43 fteV state. In the light of our present results 

these observations can be understood. We have observed 

neutrons with energies up to about k neV, but these came 

from the decays of two broad states. The neutron spectrum 

which Alburger obtained was a proton recoil spectrum. In 

such a spectrum even a monoenergetic neutron group will
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produce a continuous proton recoil spectrum, tout it will 

have a fairly well defined end point vhieh determines the 

neutron energy* The neutrons from a broad state will also 

produce a continuous proton reooil spectrum, but in this 

oa*e the end point will not be well defined. Also since the 

neutrons from the broad states in Be* are more energetic 

than those from the 2*1*3 MeV state their proton reooil 

spectrum will be spread over a ouch larger portion of the 

entire spectrum thus making their observation even more 

difficult, Alburger quote* a ratio of the intensity of these 

higher neutrons to that of the lower group of 5 to 10 per 

cent* but he does not seea to have taken account of possible 

decays into 2u + n, which for the 2.2*3 W«V state would pro­ 

duce a coritinuuffl with an end pois t of about ?6o keV, and as 

we have seen a large number of neutrons do arise from decays 

via this mode.

We can readily find an explanation for the existence 

of the two new states which we have excited from tne shell 

model calculations (Co 65; £r 61*: Ba 66). The state at 

3.35 HeV could be the fc~ state predicted to lie in the region 

of the state at ^.U3 *«V, but whose actual position depends 

on th« choice of parameters used in the calculation, ;he 

i*.6 HeV state can be identified as the 3/2~ state calculated
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to be at an excitation of about U.U HeV (Er 6k; Ba 66).

Both states are strongly populated by the beta deoay of
o 

Li in agreement with the shell model predictions and they

are both broad implying deoay by J? - 1 neutron emission 

(rather than Jr - 3) which Is consistent with the spin 

assignments.

With the above assumptions for the spins and parities 

of the two new states we can obtain an estimate of the 

initial populations of these states by the beta decay cost- 

pared to that of the 2.U3 HeV, 5/2~ state. The |" state at 

3.35 $«V can decay by Jf * 1 neutron emission to the ground
a

state of Be • It can also decay to the broad first excited

state of Be8 , but since the 3*35 »»«V state is 1.2 heV below
8 + 

the nominal energy of Be (2 )•> n this taode of decay is much

less probable than the ground state decay* Another decay 

node is by Jr « 2 alpha emission to He . But again this mode

of deoay is likely to be inhibited. In fact the ratio of
2 •' -1 

the penetrability (defined in the usual way as (i* + G" )

where F and G are the regular and irregular Coulomb functions 

(Bl 52)) of the d-wave alpha particle to that of the p-wave 

neutron emitted frosi the decay of the 3»35 ''«v state is 

u.c3. The deoay by p-wave neutron emission t<j the ground 

state is therefore the most likely process and we can assume



that thig state decays by lou per oent via this raode. That 

this is a reasonable assumption is shown by the vrortt of 

^nristensea and Coeke who found that the 5/2* atate it. iie 

at 3«03 HeV, which can decay either by Jr » 2 neutron
o ^»

emission to the Bo ground state or by Jr « l alpha emission 

to He , does in fact decay 10u per cent by neutron emission,

*he observed number of decays from tiie 3.35 HeV state to
& the Be ground state for the spectrum taken at 116 cms. is

. 25uO, and assuming that this state decays lou per cent

by this mode the initial population of this state by the beta
Q 

decay of Li is

(1.90 i 0.25) x 10U x

where w is the solid an^le subtended at the target by the 

neutron detector, and ^1 is the efficiency of t^e neutron 

detector. The briA;iching ratio for ground state decays for 

the ...'-3 leV state is (7.5 - 1.5) per cent (Gh 66). A'he 

number of such decays v/hicn we have observed is ^13^ - lv->^ 

assuming tne above br-A.ichirig ratio the initial po: ux 

of this &tate is

SUt « Ja. . (5.51 il.M x 
o.c-75 wn
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We thus 8<3o that the beta decay of Li to the 3.35 ^«V
n

state of Be7 accounts for a considerable fraction of the 

total decays. Within the limits of the above approximations, 

the ratio of decays to the 3.35 MeV state to that to the 

2.U3 KeV etate is 1 : 3» Prom the spectrum measured with 

a flight path of 80 eras, the corresponding numbers for the 

initial populations of the states are

(2.C2 t L.25) x 10U x —I— for the 3.35 *-eV etate 

and

(6.10 t l.8o) x 1^ x JfL for the 2.^3 KeV state.
u> •*» 

/

Again the ratio is 1 : 3.

Pros tne measured width of the 3*35 «"»«V state we can 

calculate its reduced width which KseasureS the fraction of 

the wavefunction which can be represented as the ground state 

of Be plus an orbiting x * I neutron. The relation between 

the experimental width and the reduced width is

.17

where P is the penetrability of » 1 neutrons with
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wave number k, R is the radius of the nucleus and tn is 

the reduced mass. ? is given by (Bl 52)

(kH)

Usin^ the same values for R and — ~Z as Christensen andJii.i* 
Gocke, i.e.,

- ii.35 fu and ——• « 2.U7

and with our ireasurau value of the width of the 3.35 KeV 

state, ij^^i ™ 1»^ * u »2 we obtain for the reduced width

Ve can apply the s.;:u..e reason!r t : to the r-t te ;t f,.6 heV.
o -

If we assume that the spin of this state is /2 then it can
8 0decay to the ground state of Be by X * 1 neutron emission

and nleo to the first excited state of Be by Jf = 1 neutron 

emission. 7hip st»te ir near to the nominal energy of 

Be (2+ ) + n, which on an ^ergy scale ' 11> the ground state 

of Be^ as zero lies at an excit'.tlor: of ii.57 !*:eV. The uecay 

rate to the first state of :!>e is :"»ow likely to be cu ar-ible 

with that tc: the ground state. The lj.,6 KeV st :.te can also
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decay by Jf m o alpha emission to He and this process too 

Is likely to hare an appreciable transition rate. Since 

we do not know the branching ratio we cannot calculate the 

initial population of the U.6 KeV level. We can however 

obtain an estimate of the lower Unit of the initial population 

of this state by assuming that the branching ratio to the 

ground state of Be8 is 100 per cent, rhe number of ground 

state decays that we have observed is UOOO - 1000 and so the

lower limit of the population of the 4.6 «eV state by the
o

beta decay of Li 7 is

(C.I* i 0.1) x 1C1* x 

If the branching ratio is B then the population becomes

(u.U 1 o.l) x l(jk x

The ratio of the beta decay probability to the I*. 6 l eV state, 

assuming it has spin 3/2 , to that tj the 2. 43 i eV state is 

thus seen to be at least 7 per cent.

The estimates of the above beta decay probabilities are 

of course Dads wit;, the ussunption that the neutron detector 

efficiency is constant over the rar^e ;..<f neutron energies 

considered, ue were unfortunately unable to calibrate the
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detector under the condition* in which it was used during 

this experiment. But from a knowledge of the response of 

organic scintillatort to fast neutrons (Da 61) and also of 

prerloue calibration* of the detector with higher biases 

[see Pig. (2.10) and also Wu 66, Pig. (2.10)], it is 

reasonable to assume that the efficiency is constant to 

within 10# for neutron energies between 0,7 MeV and 3 neV.

The decay scheme of Li9 Pig. (4.5) is thus shown by 

this experiment to be not as simple as that proposed by

Alburger. In addition to beta transitions to the ground
9 state and 2.43 M«V state in Be , we have seen that there is

o
a strong branch to a state in Be at an excitation of 3*35

i-jcV and a weaker branch to a state at 4.6 MeV. , a burner does
9 however admit that a third beta branch to a state in Be

above 2.43 M«V would not be Inconsistent with his data but 

he was unable to give an estimate of the end point energy 

of such a branch. As we have seen, this third branch is 

probably the one to the 3«35 MeV state. It is however un­ 

likely that nis experiment could have detected the weak

branch to the state at 4.6 iieV. Using the lo^. ft values
9 calculated by Barker (Ba 66) for the beta decay to the Be"

- _* 
states 3/2", V2~, ? and J/2 , which we have taken to be

at excitations cf ~.u, 2.43, 3.35 and 4.0 heV, ana us in*; the 

extended nomogram for log. ft values of verrall, .;ardj and



FIG 4-5
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Bell (Ve 66) we oeui calculate the beta decay branching ratios 

to these states expected from the siaple shell model, we 

cannot compare the experimental branching ratios directly 

with these calculated values since our experiment could not 

detect the ground state beta transitions. If we normalise 

our results to the calculated branching ratio for the 5/2~ 

state we can compare the predicted values with the experi­ 

mental values for the three excited states. The results of 

these calculations are given in Table U.I.

The value of 1.5 per cent for the k.6 HeV state is only 

a lower limit on the branching ratio since nc account has

been taken of decays of this by modes other than neutron
8 emission to the ground state of Be * However the relative

branching ratios for the 2.43 and 3.35 reV states are in good 

agreement with those calculated from the simple shell iaodel. 

Cne point to notice about the calculations is tnat the- 

expected brancM^ ratio fcr the beta decay to the ground 

state is about 5~ per cent whereas ^.lbur;,er f s eswi-oate from

experiment of this branching ratio is o:;ly (25 - 15) ^er cent.
9i'he mirror decay to th« beta decay of Li , that is

the position decay of C , has been studied, by ardy et. al.

(Ha 65a). In their experiment they looked for delayed
o 

protons from C , and found two proton ^rou, s whicn the^
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interpreted as having corae froo th« decay of a state in
9 

B at 12.05 MeV to the ground state and first excited state
8of Be) • They found no proton groups which could have come

froo low lying states in B9 , We, on the other h;*nd, found 

no evidence for beta transitions from U9 to a state in Be9 

at 12 HeV, but this is not surprising. The available energy 

for such a transition is only 1.6 MeV, and even taking a 

log. ft value as low as U.o we find that the expected 

branching ratio is only a fraction uf one per cent.
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C B A 1' 1' £ H V

33

I

The two nucleon tranafer reaction (H*^»a) is an ideal 

aechaniea for populating ? » 3/2 eta tea la I, • *| naalci. 

The reaction can produce a change of leonpin of 0 or 1 so that 

if a target with T, * * | 10 ueed« stafc«s In tha final nucleus 

with f » | or 3/2 oay be excited. Sine® the reaction may be 

pictured a* one in which two nuol«*on« are dropped into jint,l« 

partial* orbits it is reasonable to expect that 9tane« in 

the final nucleus which have a siaple shell fflodel configuration 

will be strongly excited by such a reaction* In particular 

the etate which is the analogue of the grourui state of the 

T_ » t 3/2 t&wber of the isobario quartet 10 expected to be

preferentially excited* To understand this eonsiuer the re* 

actions (He »n) and (t,p) on the aaas target with tz « * |.

The firmt react ioa will reaoh statee with 'i'a • - a 

the eecotai cue state* with Ta * •*• 3/2* In shell 

terras the U,p) r^auotio, will populate th<? grcnuid staue of 

the ra » + 3/2 aaoleus by adding two neutrons t^ the turre 

nacleua ir; the lowest available orbits, ,ule state will h 

1 m 3/2. The (Hr*»n) react ion , beiag t«e isirror 

he expeoted to popula&e a &&»te whieh has the
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configuration as that stats populated by the (t,p) reaction 

except that two protons have been added instead of two 

neutrons. This state will not be the ground state of the 

T2 « - i nucleus but an excited state which is the analogue 

of the ground state of the T. • 3/2 nucleus, and as such
)E

will have total isospin T » 3/2.
3 Another property of (He ,n) reactions w ilch make them

ideal for exciting analogue states is the large positive Q 

value. Analogue states in general lie at a fairly high 

excitation, usually above 5 FteV and BO the positive ^ value 

means that these states are easily reached witn the He^ ion 

energies available from electrostatic generators.

The main interest in locating the higher isospin states 

in light nuclei is to test the isobaric mass formula (Wi 6i»a; 

Wi 62*b). If the nuclear force is charge independent and 

if the Coulomb force is treated as a perturbation then to 

first order the iiasses within an isobario multiplet raay be 

expressed

2
M* a + bTz +cT

z K

where a, b arid c are constants for a given raultiplet. If 

we know the masses of three of the members of a multiplet

we can use the formula to calculate the masses of the ^trer
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members, unu then compare these calculated masses witn the 

experlnentally ueterrained ones. For example, denoting the 

mass of a state by ; t , we have for T » 3/2

S - 3/a V

Usually, however, either t;.e ;;,as;; of c*,e cf the

states is not known accurately, or else tMe locatioa of t-i.e

3/2^1/2 states has not beeti fom.u. r\.>r ti;is reason it is
4

desirable to ^.oci.c these analo&u© states.

We can make c*n estiraite uf ne 2joeition of the analogue 

states as follows. The excitation of such a st^te is e :iven 

by

^(analogue)

• s M ,•j , K 3/2

If we assuin the nuclear force to be charge i 

then ti.e aiffcrcnce in ;.:asH between the states 3/2'^3/2

n . P! , is just the difference i Joulomb ei.ergy belweeia J/2 *a
the twu states . lus the proton- itr~jK MUSS difforcj;ce.
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Henoe the excitation of the analogue state !• 

EUnalogue) -

where i,^/- IB the Coulomb energy difference between 

nuclei with TZ components i and 3/2 t and where S(p,n) is 

the proton-neutron niaes difference. A setniempirical formula

for Coulomb energy differences is given by JAneoke (Ja 60).
33The nucleus we have chosen to study is Cl and the

T » 3/2 state which we are looking for is the analogue of
1*

the ground state of P . The excitation of the analogue 

state calculated from the formula above is 5*5 ? eV. The 

nucleus Cl^ can be reached by the reaction P (he-,n)Cl

which has a ground state Q. value of + 3»U3 ^®V. A state
33 in Cl at 5«55 i''eV has previously been reported by Hardy

and Verrall (ha 65) and by roskanzer et. al. (io 66). They 

both studied this nucleus by observing the delayed protons 

from ti;e beta decay of Ar . From the superallowed nature

of the beta decay t_- this state rj.ardy concludes that this
33 33 state is the analogue of the ground stite of ar (or i ).

<5"i 4-
In addition, assuming that the spin f *ryj is i , he

assigns to the 5.55 K«V level spin find parity | . uardy
33 and Verrall also observed protons from a state it Gl at
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7.55 MeV to which they assigned to properties T = 3/2 and
Tw 1 +
" = t > again basing their arguments on the small log.(ft)

value for the beta decay feeding this state. This state 

together with several others was also seen by Poskanzer et. 

al. but they made no spin or isospin assignment to it.

If the nuclear force is charge independent the T = 3/2
33 level structure in Cl should be the same as the level

structure in the Tz = 3/2 nucleus P33 . Shell model calcula­ 

tions by Olauderaans et. al. (Gl 6k) have predicted that 

the ground state spin of P33 is k+ and that there should be 

excited states at 1.37, 2.50, 3.00, 3.08 and 3.1*8 ileV with 

spins 3/2"*", 5/2+ , 3/2 , 5/2* and 3/2 respectively. 

Hardy's assignment of T = /2, J ' = k to a state in Gl ^ 

at 7.55 KeV, which would be the analogue of a state in P

at 2.0 MeV, does not fit in with Glaudemans 1 predicted level
33 scheme, i'he energy level scheme of P has been determined

experimentally by Gurrie and hvans (Cu 6?) by means of the 

reaction Si (u,p)P . In addition to the ground state they 

excited states at 1.U3, 1.81 and 2.1*2 HeV, but made no spin 

determinations. The positions of the l.kJ and 2.1*2 heV 

levels is in good agreement with Glaudemans' predicted 

states at 1.37 and 2.50 I;eV. The 1.81 MeV level does not 

fit in with the calculations.



127

We have performed th« reaction P31 (He3,n)Cl33 in order 

to check the isospin assignment of the 5,55 KeV state, to 

measure its spin, and also to investigate higher analogue 

states in Cl33 . From a saeasurement of the angular distri­ 

bution of the neutrons from the 5,55 KeV state we should be 

able to make a spin and parity assignment. A state ia Cl^ 

at 5.55 fleV is in a region of excitation where the level 

density is high and consequently one would expect a state 

at this energy to be only weakly excited. It is also unbound 

to proton decay to S-^ and consequently would be expected to

be broad. However, as we have said before, analogue states
3are expected to be preferentially excited by a (He ,n) re­ 

action and should therefore stand out strongly above the 

many T « J levels. Also because of the isospin conservation 

law the proton decay of a T « 3/2 state will be inhibited 

with the result that the state will be narrow. These are 

some of the properties by which analogue states car; be 

recognised. A further test would be by means of the reaction 

S32 (d,n)Cl . This reaction will only populate states in 

Cl^ with / « i. The appearance of a state in the (he ,n) 

reaction and its absence in the (d,n) reaction w uld be a 

further indication of a T » */2 assignment.
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Procedure

The reaction P31 <He3 ,n)Cl33 was performed at A.w.a.E. 

Alderaaston using the 6 KeV Van de Graaff accelerator. This 

machine is equipped with a pulsed source capable of producing 

pulses of charged particles of less than 2 as. duration at 

a repetition rate of 5 Mo/sec. In addition the machine 

possesses a gas stripper enabling doubly charged hell UK ion*

to be accelerated to 10,5 MeV. For this experiment we used
3 a pulsed beam of doubly charged He ions with an energy of

9*00 heV. The mean current reaching the target after pulsing 

was about 0.2 jia. Use was made of the Aldermaston time of 

flight spectrometer. The detector* which was a cell 5" in 

diameter and 2" thick containing the liquid scintillator 

Ne213» w«s placed at the end of a colliaator which was on 

the symnetry axis of a large cylindrical tank of water [Fig. 

5*1 ]• ?he completely shielded detector was suspended on a 

monorail whiQft enabled it to taove in a circular path round 

the target with a radius of about 5 Ketres. In front of this 

tank was a second tank also filled with water through the 

centre of which was an empty 5" dlajaeter pipe, i'his tank too 

could be moved in a circle about the target, in this way 

the detector was well shielded against all neutrons except
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these arising from the target,

The atop pulse for the tiae sorter was derived from 

a Pick up aerial through which the bean passed. This aerial 
which consists of a hollow cylinder placed just before the 

target , picks up a signal frca the bean pulses as they pass 
through. The signal so derived is further amplified before 

being fed to a fast discriminator which produces standard 

pulses suitable for operating the time sorter.

The target was made by vacuum evaporation of pure red 

phosphorous to a thickness of 300 ug/cm2 onto a thick tantalus 

backing. To avoid burning the target, the bean was made to 

scan a small circle over the target. A small deposit of 

carbon formed on the target during bombardment. A comparison
2with the yield from a 200 tig/cm carbon target showed that

2the carbon build up amounted to about 7 Mg/cffi • The energy
3loss of a 9 ^«V He ion in this amount of carbon is about

3 keV. Due to the nature of the evaporation process the 

target also contained a ssall amount of oxygen as an impurity. 

Neither the carbon nor the oxygen impurities interfered 

with measurements on the analogue state, and in fact they 

provided very convenient calibration points for the spectra. 

The time calibration for the spectra was also taeasured by 

adding known lengths of delay cable into the stop channel
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and observing the shift of a given peak on the spectra.

The two calibrations agreed very well with each other, being

0.927 ns/ohannel.

1?ime of flight spectra of the reaction P31(He ,n)Cl3 

taken at 5° and 20° with a flight path of itfu CKJC. are shown 

in Pigs. (5*2) and (5*3)* Neutron groups corresponding to 

the ground state and excited states of Cl33 at 0.8, 2.1, 

2.85, U.O, 5.55, 6.30 and 7.U5 HeV have been identified from 

the reaction kinematics, together with neutron groups corres-
-, . •% a

ponding to the ground states of 0 and Me . The ground
11 ostate of Cl" is not strongly excited at 5 since it is

populated by an L «* 2 transition. The most prominent

feature of the spectra is the sharp neutron group corres*
•>•» li» 

ponding to the state in Cl^ at 5.55 M«V. Usini, the 0 and

N« groups as calibration points, and allowing for the 

50 keV energy loss of He ions in the target, we find that 

the raean excitation energy of this state, obtained from all 

the spectra recorded, is 5.55 - C,^2 heV. i'ne artgular 

distribution of this state was measured from 0° to 80° and 

is shown in Fig. (5.4). The result is compared with angular 

distributions calculated using a version tf the :.ook and
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Mitra D.W.B.A. double stripping programme (Bo 614) written 

by Mr, M.j.t. Xates and arranged for the Atlas computer by 

Dr. J.c. Hardy and Dr. 1.8. Towner. Figure (5.U) shows
\

the result of calculations for L - 0 and L - 2 angular 

momentum transfer. The curve for L - 0 has been normalised 

to fit the experimental angular distribution at the peak. 

The experimental angular distribution clearly shows that 

fche 5.55 MeV state is excited by an L » 0 transition. There­ 

fore since the spin of the ground state of P^1 Is |+ the spin

of the 5.55 MeV state of Cl33 must also be t*.
33Of the other states in Cl excited by the reaction

31 3 33P (lie ,n)Cl the ones of interest here are those seen at

6.30 and 7.45 MeV. These are probably the states seen in 

the delayed proton work of Poskanzer et. al. at 6.22 and

7.k5 fteV, and by Hardy ana Verrall at 7*55 »-eV. AS these
33 states were populated by allowed beta transition from ,*r

which has the probable spin i , their spins and parities 

will be either fc* or 3/2 . In our (He-'.n) work the 0.30 KeV

state could be identified at every angle at which spectra
o 

were recorded, while the 7.U5 »'<«V state was seen only at 0 ,

5°, 10 and possibly at 15° and 20 . Because of poor 

statistics it was not possible to obtain angular distributions 

for these states. Neverth less we can make some tentative
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•pin assigiuaeets to them. Since the 7.U5 fc«V state 10 

visible only at the very forward angles this suggests that 

It Is being populated by an L - u transition. If this were 

so then its spin wculd be |*. Hardy and Verrall assigned to 

this state the spin &* and also the isospln T - 3/2. AS 

oan be seen from Fig. (3.2) this state Is sharp and so is 

not inconsistent with this isospin assignment* AS aaentioned 

in the introduction a T • 3/2 state at this excitation with 

spin £ does uot fit in with Glaudenans' predictions, but 

it is possible t .at it is the analogue of the st.,te in P33 

seen at 1.61 KeV by Carrie and Evans. Assuming the 7.4*5 <-«v 

level to be a T » ^/2 state it would be the analogue of a 

state in P33 at 1.9 neV.

We can identify the state at 6.3w heV with the one 

observed by xoakarizer et. al. at 6.22 KeV. This state appeared 

to be tsore strongly excited at 20° and p° than at o° and 5° 

(ooapare Figs. (5.2) and (5.3)) and at 60° it was still 

excited with strength comparable with tnat at 0 . L si rig 

this arguaeat we cart tentatively say that the state is 

populated by an L « £ transition. ^.a ground state and ii.85 

r.eV state show a similar behaviour arni tnese .-re known to be
•a t-

populated by L - 2 transitions since they have spins J/2 

and 5/2*. An L • 2 transition woulu limit the spin of the
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6.30 HeV state to 3/2 or */2*9 and since the state is also 

populated by an allowed beta transition from Ar3* its spin 

is further llasited to 3/2*. There is no real evidence to 

identify this state with a T « 3/2 state except that it does 

appear to be strongly excited for an L « 2 transition. Its 

excitation (0.75 r.eV in P33 ) does not fit Glaudeawas' pre­ 

dictions nor the experimental level structure of I 33 .

Nevertheless we have stror:g evidence for the T - 3/2 

nature of the 5.55 ««V state of Cl33 . Its excitation energy 

agrees well with the value calculated assuming charge in­ 

dependence. It is strongly excited by the reaction P (He ,n)

. Its spin of | is in full agreement with the value

predicted by Glaudemans 1 calculations. A further piece of
32 33 evidence comee from the reaction S (d t n)Cl . We performed

this experiment at Oxford with deuteron energies of 8 >.eV 

and 9 i'<eV using the same experimental technique as 

Mubarakmand (Mu 66) in his study of the low lying states of 

Cl33 . We were able to identify states in Cl33 below k HeV 

by this reaction but there was no strong neutron group visible 

above the continuum of neutrons, which is due to unresolved 

T » k states ir. Cl , in the region of the spectra where

the 5.55 KeV state was expected to lie (see (Fig. 5.5)). The
32 33 non-appearance of the 5.55 HeV state in the 5 y (d,n)Cl^
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reaction is further evidence for its T • /2 nature. To 

all this evidence we can couple the observations of Hardy 

and Verrall and of Poskancer, who found superallowed beta 

transitions to this state from

In Table (5.1) we summarise the properties of the Cl33

states at 5«55t 6.30 and 7.U5 ft«V obtained from this work 

and from the delayed proton experiments.

The first excited state in P33 is predicted by 

Ulaudeaans to lie at an excitation of 1.37 KeV and is found 

by Currie and ^vans to be at 1.43 HeV. In Cl33 the analogue 

of this state is therefore expected to be at an excitation

of 7.U KeV assueiing that the 5.55 ' «V level is the analogue
33of the P ground state. Unfortunately such a state if

excited by the (He ,n) reaction would lie in that region 

of the spectra occupied by the strong neutron group from the 

o (He ,n)He reaction. Because of this we are unable to 

say anything about the existence of this state except to 

say that if it does exist it is not strongly excited by the

(He ,n) reaction.

We are not able to test the isobaric taass formula for
*1Q

the f « 3/2 quartet at tnass 33 because the ^ass of Ar is
33 not known accurately. The analogue state in t> has been

found at 5.U83 i Q. -15 MeV by Dubois (Du 6?) arid so we are
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able to predict ine iass of Ar3^. Using the mass formula 

the predicted r,ast excess of Ar3^ Is - V
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C H A f T E fi VI

CONCLUDING

We have shown in this thesis how the neutron "time of 

flight" technique can be applied to a number of problems in 

nuclear structure. Neutron spectroscopy is not easy and at 

present it is net possible to get the sacse accuracy as can 

be achieved with charged particle spectroscopy. In view of 

this can it be aaid that "time of flight" is a useful tool? 

The answer to this question is "yes".

*uite often the most straightforward way to reach a 

particular nuclear state is via a reaction wt.ich involves 

the detection of neutrons* For example « we have measured 

the spin of the analogue state in Cl by means of the reaction
*>** ** *J *1 1 "^

P^ (He^n)Cl , The nucleus Cl can also b© formed by the
•»2 3 33 32 33 33 33reactions SJ (He ,d)Cl , SJ (a,t)Cl . S ^(He.t)Cl^ and

Cl-^(pt t)Cl which involve only charged particles, however, 

the first two reactions cannot excite the analogue state 

while the last two have large negative -4 values. The analogue 

state waa first observed in the spectrua of delayed protons

frosi Ar", but its spin could only be inferred from this
3 experinent. By mear.s of the (He ,n) reaction we were able

not only to confirm tne 7 * ^/2 nat-ire of this state but



also to measure it* spin. There is plenty of scop* for 

futur* work in the field of exciting analogue states by the

reaction. Two possible reactions for future study(He fn)

are ^{Ba^ajNa21 and Mg25(K«3 ,tt)Si27.

As far as the determination of nuclear energy levels
•» 

is concerned the reactions (p,n) and (He ,t) are slailar,

The H values are comparable, although always negative, so 

that in general, if one reaction is energetically possible 

then so is the other. However, in tares of the interpretation 

of experimental data such as angular distributions the (p,n)

reaction is the sore straightforward* The same model may
3 be used to explain both reactions, but since He nuclei and

tritons are composite particles they will have complicated 

wavef uactioas, thus making calculations for (he ,t) reactions 

difficult unless approximations for the wave- functions are 

used. This difficulty does not arise with protons and 

neutrons as ingoing and outgoing particles. In setae instances 

the (He ,t) reaction is the only alternative to reactions 

involving neutrons for reaching a particular final nucleus. 

Such is the case with 3e which can only be formed by the 

reactions Li (p,n)He , He (He ,n) Be and Li (He ,t)3e .

This nucleus wae first investigated by means of the (p,n)
j reaction and only recently has the (He ,t) reaction been used.



The (p,n) reaction is a useful tool for exciting isobaric 

analogue states In non-mirror nuclei [An 62], The reaction 

can be pictured as one in which the incident proton undergoes 

charge exchange with a neutron in an unfilled shell in the 

target and then leaves as a neutron. The overall configura­ 

tion of the final state is the same as that of the target 

except fur an increase in charge of one unit* There is no 

transfer of spin or isospln* The Q value for the reaction 

to the analogue state is precisely the Coulomb displacement 

energy between the initial and final nuclei. It has also 

been found that the (p,n) reaction will selectively populate 

a state in the final nucleus which has the saae angular 

momentum configuration as the target, but which differs in 

isospin by one unit. Such a state is known as a configuration 

state.

The third experiment reported in this thesis la a
9study of the delayed neutrons from Li . By means of this

9 experiment we were able to locate states in Be which,

although predicted by the shell model, had not been found

by reactions involving charged particles alone, we were also
9 able to investigate the beta decay scheme of Li . instead

of looking for delayed neutrows we could have in principle 

looked for delayed alpha particles, but as the final nucleus



He is not a sharp state the observation of particle groups
9associated with states in Be would have been extremely

difficult. The technique has previously been used to study 
the delayed neutrons fro* H17 [Oi 63] and by aeano of it 
several beta transitions to neutron unstable states in 0 
were found.

The development of Van de Graaff accelerators with 

pulsed sources capable of producing pulsed beams with inten­ 

sities of several Rioro-aaperes has overcome to some extent 

two of the major drawbacks associated with time of flight 

experiments compared to charged particle speotroscopy. These 
drawbacks are the poorer energy resolution and the low real 

to background counting rate* The larger beam currents mean 

that the yield from the target is increased giving a better 

real to background ratio, and at the same time one can afford 

to use longer flightpaths so improving the energy resolution, 
when studying states with negative '<4 values one can in 

principle obtain very g od energy resolution by using an 

Incident beam energy which is just above the threshold for 

the state so that the neutrons leave the target with energies 

much less than 1 KeV. Now that intense pulsed beams are 

available use con be isade of this effect to resolve closely 

spaced levels. The intense beams will permit the use of
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targets with thicknesses of only a few tens of kilovolts 

or less instead of targets of the order of 100 keV thick. 

One does not observe this effect In charged particle spectro- 

scopy since at the reaction threshold the outgoing charged 

particles have in general insufficient energy to penetrate 

the Coulomb barrier,

Another recent development is the construction of Van 

de Graaff accelerators capable of accelerating protons and 

deuterons to energies of 2C KeV or more. This will open up 

further fields of study for neutron spectroscopy. Probably 

the type of reaction with the nost direct application in this 

energy region will b© the (p,n) reaction. It should be 

possible to extend and improve on the work, initiated by the 

Llvermore group using a cyclotron, on the study of isobaric 

analogue states and configuration states in non-mirror nuclei. 

By extending the study to heavier nuclei one ceui investigate 

to what extent isobaric spin Is a good quantum number for 

heavy nuclei. One can also make precise measurements of 

Coulomb displacement energies and investigate the variation 

with atomic number. The field is wide open. Time of flight" 

Is a challenging but rewarding occupation.
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APPENDIX 

The Calibration of the Accelerators

At the ooraaienceffierit of thle work neither of the Oxford 

accelerators had been calibrated. Since (p,n) threshold 

energies are easy to measure and since several of these 

threshold* are known accurately* they were used as calibration 
points* The relation between the proton resonance frequency 

in the magnetic field of the analysing magnet and the energy 

of the particles transmitted by the magnet is given by

where £ « energy of the particles

OQ « rest mass of the particles

Z m charge of the particles

y *» proton resonance frequency

K * a constant,

The object of the calibration experiments is to determine 

the magnet constant K. Briefly, this is done by finding the 

value of V corresponding to each of the (p,n) threshold



used.

For these experiments the counter ratio technique 

was used {Ma 60). This required the use of two detect ore; 

one which is preferentially sensitive to the slow, threshold 

neutrons, and one which is sensitive to neutrons of all 

energies. The slow counter consisted of three BFj counters, 

7" long embedded in a disc of polythene 6" in diameter and 

1" thick. The three counters were connected in parallel 

to increase the efficiency of the detector. Because of the 

small amount of moderator this detector is sensitive only 

to threshold neutrons, i.e., neutrons with energies of a 

few tens of Uilovolts. The other counter, the fast counter, 

was made from one UF-j counter 13" long embedded in a 

cylinder of paraffin wax 18" long and 8" in diameter. The 

large amount of moderator makes this detector senritive to 

neutrons of all energies. The two detectors were arranged 

in tandem with the slow counter nearer the target and spaced 

so that they subtended approximately the sa'ue soli a angle

at the target.
The method of determining the position of t^c threshold 

is to plot the ratio of the counts in the slow counter to 

the counts in the fast counter against the magnet <.H.u. 

frequency in the region of the threshold. At the threshold



there la a sudden Increase in the number of slow neutrons 

reaching the detectors with the result that the .$$$&«* 

inorea.se* sharply* This enables the threshold frequency to 

be found very accurately. The reactions chosen for the 

calibration experiments were as follows (Ha 66a)

aeaction Threshold

Li (p.n)Be 1.38056 - 0.00013

PI9(p»n)Ne19 4.231*3 - 0.0008

Al27(p fn)Si27 5.7969 - 0.0038 HeV

d(Ol6,n)F17 14.5255 - 0.005

16 For the latter reaction 0 ions with charge states

3^ and k were used enabling the magnet to be calibrated for 

equivalent proton energies of 25«62? 1 0.009 "ev and 

1J*«519 - 0.005 heV respectively. Approxiisate values for 

the magnet constants had previously been deter.alned by using 

8.736J4 fieV alpha particles fro® a ThC 1 source. The results 

of the threshold measurements gave the following values for 

the asagnet constants for the two oxford accelerators :-

Tandeffi K • (2.2?U i O.Otl) x 10"2 

Injector K » (8.98l| • c.OOl*) X 10~2



i'*it.ure (A.I) shows the result of plotting tl.e counter
27 16ratio ^ains t frequency for the Al (p,n) and the d(o ,n)

reactions. AJU interesting feature of the d(G ,n) reaction 

is that due to the Lu^e centre of mass velocity the 

threshold neutrons leave the target with a lab. energy of 

nearly 1 />eV. AS & result of this the slow to fast ratio 

suddenly decreases at the threshold instead of I: creasing 

as fur the other reactions, rnia is due to an increase in 

the number f fact neutrons rather than slow ones. T- is also 

shows that the slow counter is indeed insensitive to fact 

n outruns.
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