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ABSTHRACT

A study of the nuolei Bcé. 309 and 0133 has been made,
These nuclei have been investigated by observing the neutrons
enitted during or after their formation by charged induced
reactions. The neutron energies have been uweasured by the
"tizse of flight" technigue, using both the pulsed beam and
associated particle methods.

The first chapter cuontains an outline of the uistorted
Wave Born Approximation and the application of this theory
to the calculation of the angular distributions of neutrons
enitted from & (p,n) reaction, wnich is treated as a special
case of inelastic scattering, and also from the single and
double stripping reactions (d,n) and (Hoj.n).

In Chapter li is a description of the pulsed beam and
assoclated particle time of flight technigues. 4 detailed
account of the design, construction and wmode of operation
of the beam pulsing device used for the (p,n) experimunts
is given. Also included is a description of the neutron
detector used together with an account of a method ¢f pulse
shape discrimlnation against gamma rays.

The reaction pié(p,n)ﬁo6 is reported in Chapter 111,
The reaction has been studied using the pulsed becn :etnod
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with proton energles ranging from 7 HeV to 18 keV, At

all incldent energies tie ground state of Be6 was excited,

For incident energles between 1C,u and 11,3 MeV Licre was
evidence for an excited state in Beé at 1,7 eV, rcasurements
witn pruton energles between 15.,u wud 18.. rieV confirmed

this. The excitation and width of ine [irst excited state

has veen found to be e

Ex = 1.67 : 0;05 ﬁeV; r‘ = 1.18 : 0.‘«'7 #Hev,

At iucident energles of 10,55 and 18.. eV evidence has also
been found for a second excited state in B¢6 at an excitation
of about 3 keV. Angular ulstributions for the ground state
neutrons have been uweasured at incideut energlies of o.j3,
FeUp P06y 10auy 105, 15.U, 16,55 and 18,0 neV, and for the
firat excited state at 15.. eV, ihe angular distributions
measured at lu.5 FeV and below could be fitted very well by
a serlies of the first three Legendre polynomials, ard have
been interpreted in terms of compound nucleus theory., it

is concluded that for these enerigies the reaction groceeds
through two interfering states in Be7 at about 1lU hLeV
excitation with spine of 3" and 3/27. An attempt has been

made to explain the results obt:uined at 15.. keV and atove

in terms of a direct reaction theory, The direct reaction
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theory however gave no semblance of & fit. Calculations
have been made in terms of pure phase space considerstions
in order to explain the asature of the neutron continuum geen
in the reaction. It iz concluded that the continuum arises
chiefly from the four body break-up reasction

L16fp @Bth«}p*pfn

with a2 small contribution from the reaction

L16+p -?L15+p+n .

An experiment performed tov study the neutron decay of
excited states 1in Beg populated by the veta decay of L19 is
reported in Chapter iV, ihe neutrom cnergles were neasursed
by the assoclated particle time of flight techniyue, It
hag beern found from this experiment that the beta decay of
ng populates not only the ground state and 2,43 KeV astate of
Beg, but also states at 3.35 and L.6 MeV, These two states,
which have not previously been chserved, have been given
spin assignments of i‘ and 2", Agsuming toat the beta
decay branching ratio of L19 to the 2,43 HeV state in Be9 ls
20 per cent, the branching ratios to the 3.35 and 4.6 eV

states 1s found to be (7 = 4) per cent and > 1,5 per cent,

compared to shell model predictions of (10 2 per cent and
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(12 ¥ 3) per cent,

Pirally, in Chapter V is re;crted the reaction
PBl(ﬁej,n)Cljj. This experiment was performed to measure
the spin of the first I = 32 state in 0133. Froz the
angular distrivutior of the neutrons, which is cruracteristic
of an L = U angular momentum trausfer, the spin of the
analoguc state hag been found to be §+. In addition
tentative spin assignments of /2% and i* have peen yiven

to two other states in 0133 at 5,30 and 7.45 eV respectively,
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HEACTIUN MLCHANISHS

The term "nuclear reaction" 1s applled to a variety
of processes i:rvoilving thoe collicions of nuclel, In a
tyisicel nuclesr roction a article x collides with ano.Lher
particle A and as the result . f o e inter.ction .-tween
them two riew particles y znd B are ~ro.uced. ~uch a . .rocess

can be written as
XA > y+ 8
or as u(xoY)B

i{hie ircldent and cut,olng .articles x and y arc usually
light .uclel s.ch as protors, neustrons, deutercn: or helium
nuclel while the tar ol and residus. auclel . 2d o sre
generally :c.vier. .xanples .1 ruclear roe.cilcon acc
Lis(p,n)neé, »17(t,p)L19 and Ajl(HGB,ﬁ)v133. suclear reoctions
may also lewn to ore thon two final neclel,  Jor exv plc
trhe reaction lu eV protons onto J,J'.(J can lead Lo the following,

-

rections e wiu(p.n)meé, LIG(p,pn);is and Iié(p,’pn)ﬁe .

varticles X o4 y may «lso be lucaticel .iriicles 1., which

case we have a re.ction k:aown as scuttering.



A reaction A(x,y)B can generally proceed in many ways.
The particle x can interact wit: the nucleus A as a whole
and get captured by it to form a compound nucleus., Its
energy is qulokly shared among ull the constituent nuclecns
An A well bLeiore any re-emission can cccur, The compound
nucleus (A + x), which is left in an excited atate, weventually
breaks up into particles B and y., A reaction whic: ;. roceeds
by this mecharism is known as a "compound nucieus" reaction.
Another way in which the reaction #(x,y)B can proceed is
by what is known as a "direct reaction" mechanism. in this
the particle x can interact with just une .f the nucleons
in 4 and in «oing 8o can knock particle y out «f u, veing
captured itself, or else be scattered back away from A.
~lteruatively, it can capture a nucleon or a ciuster of
nucleons from .. to forn a couposite particle y,. nriother
posslibility occurs if x itself is a composite jarticle, when
the target A can capture o.o or more of the constitucats of
X leaving; the remaluls particle to escapc. .Lese procecses
are cnaracterized by the fact trnat a coujpound rucleus (A + x)
is not forumed.

It 1s by the study .f nucleuar reactions thiat the
structure of utoulc ruclel c.or be iavesii, | ted. In a reaction

the residual nucleus 5 cu: be left in an excited stute, and



by measuring the energles of the cutgoing particle y amd

from a knowledge of the tctal energy of the system one can
determine the energy level structure of the nucieus B, If

the reaction proceeds via a compound nucleus, one casn investi-
gate the structure of the compound nucleus by weasuring the
reaction cross section as a funotion ¢f incident particle
energy. Spins and parities of nuclear states can bLe deterw
alned from stuiles cf the angular .istributions of the emsitted
particles. In general compound nucleus reasctio:s yleld
inforwation about the compouud state while direct reastions
yield infornation about Lhe residual rnucleus,

In this thesls we will be using both coapound nucleus
theory and direct reaction theory., e results of the reé-
aection Lis(p,n)Ba6 obtalned with incident prctorn encrgles
below 11l.3 ke will be luterpreted in termzs of the compound
nucleus theory, Tie compound rnucleus formed by this reaction
is 907. For incident ener,lies above 15.¢ iev the compound
nucleus theory uces not appear tc explaln the resuits, und
for tiese a uirect reaction mechanism ls assuised, ne results
will be compared witn the yre ictions of 4 -ireci reaction
model which treate the .rocees as a specicl fur. of 1nelastic
gcattering. we shall alsc be usirng o wlrect rewctios. theory

1
to interpret the resualts f thc reaction :3 (Hes,n)4133.



The direct reaction applicable to this case 1s one known

as stripping. The target nuoleus strips off and oca tures
the two protons in the ircident H03 nucleus as it brushes
past the target, leaving the neutron free to escape. In the
next section is .iven an outline of the distorted wave Born
approximation direct reaction theory, together with its
appllcatipn to inelastic scattering reactions and stripping

reactions,

Digtorted wave theory of direct reactions

& class of reactions known as uireet reactlions nhas
become a good sourae of information about nuclear structure,
These reactlons are characterised by proceeding on a very
short time scale without the furuation of a compound nucleus.
kxamples of direct reactions are inelastic scattering and
stripping. The first can be .ictured as occcurrisn; when an
incident nucleon enters the nucleus, collides witiu a target
nucleon, loses some vnergy ani then proceeds to escape {rom
the nucleus. In a strippini; reaction, for example a (d,p)
reaction, the incident deuteron brushes past ti.e aucleus
and in «ol:yy 80 tne loosely bound neutron is captured by the
target. ine proton carries on, uclug scattered by its

interaction with the captured neutron,



fhe transition amplitude for a reaction i - ' or

A(a,b)B 1is

Spy = <‘5x‘ (g_‘.)lvrl\p(z_:,i))

\,P (;_&,1) is the total wave function of the systen: in
which a particle a is i:ncident -n a tarpet & with a wave

vector 51. it is tre solutlon or tie Schrodinger equ.tion

Hy = \V

where H 1s the total iamiltonizn c¢f the system,

ta

Lo (kg) is the wave [unction thut uoscribes the .otlon o f
the two product particles zi'ter tre interaction, namel, t.at
of & particle b beiry scuttered by the resid..l na-leus ..
whicn ,ives

It is an elgenstute of Lie Liuniltonian Fig

SU.Gh & -.‘«'103410*'., i.e..

Vf s the interaction which induces tie trargsition § - ¢

and is rel.ted to u by
H = HO t \Jf

H way also be decomposed into ué i vy where ﬁz i the



Hamiltonlan which represents elastic motion in the ircident
channel, and Vi is the remainin, .art of H, and is the
iuteraction which induces trunsitions into all op-: channels
(except the elastic scattering channel),

The ulstorted wuve Born a.oroximation is introduced
by r:p.lacing \'} (K,) in the expression for the trucsition
amplitude by ¢1(}_c_i), the wave function for the elastic
scatterln, in channel 1. In other words the complete wave

function is writier as
\V (k) = féi(_k__l) + {ou%;ini waves in otier churmuls}
and 1n the .orn approxic.tion we assume that
{outgoinf'_g waveg in cther o;'sarmels} Xz U,

Jne physical meuring of this approximation 18 that the
coupling I tie incldest channel to other charnels is assumed
to be s..1l,y s caubl all otrer cross scctions are suall
coupared to thrc cross s.ction for the transition i - 1. The
trirsition wiplitude for the tr rnoition L - T in lhe . siene

can therefore be written as
) (=) ) /,g:)
Spy = < y,’vi. \l(_f) ' Vf' £y (_1,(_,1)>

where tie superscripts (+) wzna (=) decrnote irncomi.., and out-

goling wave Loundary condilicus, The «iffcrential cross



section for the reaction can be expressed in terms of

do ﬁl Mf 2' ,
— = — °r1

d. (Zﬁhz

bri as

where the sum is over g couporceats of zngular .aomentum in
the final state ua.. uu averuge over those in the iritial

stute, and the M's are tie reduced nasses for tiec 1uitisl
and finuwl puairs f .Lartlicles,

Jhe vave funetions [i and ¢f ci..i be written as

() (+) _

A ) o= X WaWs  Ugery)
and

(-) (=) |

fo o ) = W Ws s (kperg)

where ¥a‘¥l‘ Xbx are the internal wavel.nctions of

Lice irticles a, A, b and 2y an the \F’(L,g) ure oistorted
wives wiich describe the relative notio. ir Lhe o (rance

ard exit charrnels, 1nege are Cco.lonb waves Ll.clde bt in Lre
direction k lcyether ~lth outpiing srerical waves scubtiered
by tne .oulo.b field plus spherical wuves ncutl.ored Ly Lhe
optleal | ucleor potential. ooy e usaaelly ge:oroaten by

solvin, thne Schrodi: _er e .ution for an opticul ocrential
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which reproduces the observed elastic soattering at the

gane energy; l.e., the waves satisfy the equation

2H
v - "E [Lr) + U (r)] \,’}(ioz) -y

l

where L(r) is tic optical potential, U (r; is the Coulomb
potential and K is the re.uced mass [ the pulr o inter.
actin partiecles,

ihe [.ru o' the transitiosn amcplitude for the reaction

4{&yD)3 cur now be written as

_ ‘/[\f’ :}*(Kb'gb) <B,b' v \ A,;ly:*) (kor ) ur de

e foctor <:u,bl‘vl.a,a:> is Krown zeg L.¢ nuclear forw

factor and is ygiven by

Cool vl oy = XX X X oy

where }E represcats all ¢ ordin . tec irndopiudent of Ly wod
Ip- It 1s {iherefore a functio: of r, and I, and cont.ins

all tne irnform:tion on Luclear structure, angular momentum

gelection rules anc ever tre type I reaciion being

conridered (lee.y whetoer strig.io,, inelastic scuttering

etc, ).



“he general treatament .f thils nuclear form factor is
given in a paper by sSatehler [5a 64). Here the uatrix
element is expanded into terms wnich correspond to the trang-
fer to the nucleus f a definite amount of angular cmomentum
Jy which in turn is comprised of an orbital part L and a

spin part S, where

v

i”iﬁ'l’.‘ﬁ; z,.n;?‘a..ib; j_,_ni-

his series is written with Clebsh.GCordon coeffici.uts
gorrespondling to tils vector couplinz. The Latrix eleme:nt

thern :ccones

-l
<J H, » ob b' , Jnhnoaﬂ > = 2 i oo (£b£ s DSy 8a )

. Lal g
deisd

Sb—mb
X ("') <JilJI'iA.i'.B-il J ‘h > < s.) c.)bm ,-'IZ '-‘)Lla-mb>
X <;.-\:q'ma-mb I J Hﬁ-,.;‘>

where I = ¥. < i, + My = Mgy a2au the .yubols bs and aA denote
ti:e dependence on thu variosds nuclear uoitum ousivers other
than the z couponents o a.in.

(e amplitude T involves an intc r:tion over the spuce
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of both r, and £, and the numerical integration of such
an integral is difficult. Consequently the "zero range"
approximation is introduced, This has the physlcal meanlng
that particle b is emitted at tne same point as particle a
is absorbed, so that L, = ﬁ r, where A and = are the uasses
of the corresponaing nuclel. As a result the inte_ral for

T is reduced to & three dimensional one, e furm factor

Gisy ,,(£) can then usually be factored into three parts
,o
(r) A F o (0) Y (e
r = J r A
GLSJ,& - LSJ " LSJ o !
where A 1s a spectroscopic factor and includes such

LsJd
Jquut.titlies as fractional parentage coefficlents and the inter-

action strength, a.c where F J(r) ig a radial forn factor.

LS
If we .0ow substitute tris e::rcsslio:n for G 1..to the expar-
sion for the nuclear form {oct.r, and then substitute the
expansiorn for the nuclear form factor into ' we cbtal. the

expression for the transition aupllitude

HR] - N ‘f‘ , 4 - L\ " - ‘ k };

where M = hu - i, t mpeng, and where [ ig _iven by
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j L Lemgmg
(2J+1)° 2 SSJ (gb.ga) = <:LSH,ma—mb lJH - mb*ma>>

S A
X <:sa Sp Mgy ' 5 ma-mb:> x (=) ° "o 2:41) 2

(-)*( A ¥ (+) \
x \’)b k2 1) FLSJ“‘) Y (<)) \Va (k ,r} ¢

As mentloned b<icre, all the information on ruclear
structure, ar. the type of reaction is cuntained in Lhre
nuclear form factor. The types of rvuctions wit: which we
are concerned 1n this thesl: are inelustic scatte:in,, lor
which p,n resctions are a spect:l case, and stripping re«
actions, The treatment of tie nuclear form ructors for these
reactions 1s glven 1lrn papers by oatchler [Sa uy; & 0o urd

we will here outline the proced.ure,

a) lnel

ine irteraction prouucing trne scatteri: uay ve

exvanded inteo multipoles,

2
VaVir, Iaf“) = — {=) VLsJ.u\ }“,r)xu‘mr \e;{ﬂ,}'a;

where ;a and }A represent the lnternal c.ooriloates of the

projectile and target. fLﬁJ,-ﬂ is a spin-.  le tensor
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constructed as

Tl.,uJu'-(”‘é}a) = ;(1,;;;*, Jieit lJ u> 1*— Xi (ed) SS.;:-H(;&)

SS ls a tensor of rank 5 in the projectile coordiunates
anu can be expressed ir ter:s of the spin .perator ., for a;
€.8.y W8 may pul 50 = 1 and 5 1 = =_&. tThe various ter:s
1 the expancion of T. corres, oril to variocus amounts of
W-u
the a:gular ..onerta L, S and J which car be transferrei Lo
the target duril:, the reaction, . arises from a crunge in
the orbital motion of the pr.jectile while 5 coumes [ron coupling
to tee urojoctile ¢ i .. L als. “eter .ires the parity chunce
in the transition An = (=) .

If we irnclude isotaric ¢plr in tie interaction thes V

must be modified <1lifhtly to be

() -
V o= Z c . = Z(-)t TR
—

i ¥ . ; . .
wtere Vo= v (X, ‘g ) 18 piven above ~ith Vo e lucec
= a A woad 43t

i=

"

+ [ .

by "v’1 Jon (r,},). L. i a tesor of rank 4 in . isospln
E ) i i

of the projuctlle and we cur ,ut (5 =1 and 3 = t,. vV

may produce a chrar e in the i.ospli of Lie btargel nucleus.

insertiiu, tae aaniecaction Vointo the ucleur forn

factor we wbtuln with Op = ° and by = tu
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Qoo |V ar D=6 m et v 0n, 7, M RIS

éx & (g (o) 8
TLSd wrd

< Sau ma - \S ma-mb>

x <JAJNA,; SR "B><“"}:’;'ma-mb | oo - A>
(e T n ey (e D

T A LK
where G (p) = u (r) X (o)

Lood Lid L

T

and o (r) = (-)S Aa o= <°a" S:," 5a><ta ” L"" ta>
X <Jg v ” '“rlT..-,;J (r)” 94 ’"},)

A $
S dernotes (2o « 1)

3

d@ assume trabt tre irnteraction V ie a sum [ two body

interactions betweern the projectii. .wna tic tar.ct

f.e.p V sé_ P - U
1 d

e leocns,

where the subscript i rt.ides for a target nucleo::, LU is the

optical potential .se: bto gercrale thne Sistorted woves but
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slicce it is ulagonal i1 tie nuclear =t«les it does not
contribute to inelustic scattering. The irnteracilon Via
depends on the separation y = l r, -r ’ wnere r is tie

position of ti. centre c¢f nass of tue projectile, and inis

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

[~ -
&lp) = 2(2;, + 1) 8 (ri,r) r_,_(cos °

. U i

)
a

K LR
= L E;: gL(rl,r) !L(eiﬂi/ Y (e¢)

L

Via is also a spin and isospin .=vendent inturaction
whilch for rucleons us projlectiles can be written as
v = -V [a + T, .+ 0 5 ol
ia u'[Q &1__1 "‘a“g(’“)
‘he ¢ are tine raull spin opcraturs, w:.lle the a i.cluue
tre lsospln de ¢ doence

a = a ra ]i - X

~d LG e n

the I’are also .:ull 8spin opcrature «with z cuapencrnts
+ 1 for neutrons w.d protons re. cctively. he a wre alsu

norzalised =¢ that
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Y

.. " ala -3 (aoB + al&) = 1

L
~e may now perforn the separation V = Z_\L o
T

1f we ide:tify ¢ = ] and o, = ¢ , Lhen
- ~a

° 1

v v Z[ o &)
= - -+ X [ ) . ¢
] Y aOu élu -1 g&‘ Eir

and

| ~a

IV | 2 - v+ ‘- L] . oy
v Wﬁ Zi ;1 [aoﬂ» 4. g g, sle)

.lsc if we chooge 'So =1 and 51 = ¢ we find

T S ; . ,
v a « (=) 4w \a:, AT—L, (r'i,x') o &ellicri,

L3J 4 i s g

a if = U

4 T if ' =1

o
«e8ing explicit values (or tie spin and lsuspln reduced
matrix elements, th.e radial art of tiie .ucl@ar 1o factors

can be written as
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r 5 4 :
G (r) = ()" 2 7 <JB’I'B"'V‘;J\1'-) I Jﬂ’fﬁ>

% 3 ,
= - 2 Uw V,,<J_T "Z a ¢ + a g Yo IJ v
by ﬂ ~t 1 ( SQ lr’(; 3 vJB Il ?’1 g.&a ;JI Hoony
T FT (r)
r
“Lsd 18d
Detalls of the evsiuation of these reduced na rix elc.=nts

are ;lven in satchler's paper (ua 66, for a number of examples

in partic.l .’ ‘=

1) Lingle particle transitions wiiicr correspond to the
excltation of a single partiele outside a closed s: =1l

from wn orbit &,-P. J to another orbit “‘,‘?'. J'e

2) Che jn configurations whicr correspond tu the ro.

coupling of n nucleons which occupy the J orpit.

n t=1
3) he tras.sitions of §J to § J' corresc;oining to
the excit.tic.. of ovne f tre uurticles in e j orbit

to the ,!' orbit,

In each case radial integrals -f the form
o0

. ] ‘ 2 -
Li(r) = L z(r) = @M(rxr)bl(ri)tzxri)ri ur,

0
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appear i:. .h¢ matrix element, where Uk(r) are the radial
parts of single particle bound state wavefurctions, !'re
subsoript k stands for the juerntusm numbers Nk’ Pk and Jk‘
In the zero range approxi-ation g(p) = 8(p), and so

gL(ri,r) = R(ri-r)/uﬂz. inue the 1 (r) for a .iven pi.ir

bt

of Uk(ri) are the gsame for all L namely

IL(r,L;k‘n) = Ui(r)UZ‘(r) /ol

The radiasl factor Il(” {is identified a: tie radial

m

v ,
foru factor ¥ (r) in the expression tcr G (r)
ded Lol

(b)
2brippling -egotions

Il the stripplug reaction A(a,b)B, tie pr. jcctile is
assuiiea to Le made up of the emitiec particle b and mucLrer
particle x which iz captured by the tar et. ihe i.teructiocn
is ucually taxe: to be va whici. is the ;otontisl bi-ding

b and x ¢to form a., ne ruclear form factor then vecones

£ J i i | v | J hsem >

oy .
= J \P JBHB (EXS)( f.x)ﬂ:bmb( }b) V'bX‘rbXK b ;lel)d x.“i'-xi}- A)
X 4. Pa (rbxgbfx) . r a d}b de
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where EA' Ex and S b repregent the inter: .ul coordinates
of the corresponding particles. .iie spin transfer S is now
seen to be the epim of tne c.pt.ired particle aud reed not
nave a unique value since in general x 18 a cluster of
nucleons. To evaluate this natrix element the wave . ction
of the residual nucleus is first expanded ir terms .I the

elgenstates of the target.

Bal

\VJB”B‘LXASJKIA) = J“.j 'M LPJ 'm' (}'A) s.Jp (£xh}rx)

x {3,000, IJB,D>

Silice V doea not depend on gx the only terus i1 this
bx A
ex.unslon whici: will contrivute to the ..atri: ele.e.t are

the crnes with J ' = J wnd Y = KB
A a

TEY ad

QJ is the associ.ted wavefurction for _.article x and
1

may be ey rded- into spherical har.orics in ng

s g Lad
*Ju('x:;’;x) = Z i I (suwm)é ’ (rm. Ex)

Iwh 5’,':-}}6

<:L5w,l-n’ J;€>
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tlie function @ cannot in general be factored iuto
fui:tions depending on r , and } N se, .rutely clthough it
can always be expanded i: such u« form. If x i8 a single
nuclecn, or if its structure does r:L c.ange Juri.. its
tranefer from a1 to A then it cun be factored, Whsthor @
is simply fastoraule v not, the inte_ratior over }' b and

} 4 ¢an be performed

¢ VBAJ'L*
f¢4»~bﬂ7b(;b) §S - (PXAFX) va‘rbxs b Sx)[“ama(rbeb ;x)dsb d];
9

1
l

y

lianc U ) P : X (= ¥ . & r
° L%J,Pl('b"a) ) j a” 1-( x“‘lx*") IL;{)J(I'X,‘" bx’

wnelbe g is the Jacobian for the transforoatic: {r... the

cuoralantes and tor and r used in t..¢ uistorted
r
. o g

e,
A

waves

3
g = [as/x (a v 4)j caere the letters rofer to
ti.c resses ol the curres.cniing .articles.
ror  ingle nucleon transfer s.uch us (d,n) 1~ . ciluvis

the ¢xpa sion of \.,) J ! ~may be described 1. shell :.cel
b B
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terms, 'The fanetion § car be identifiec. as Lic wave [ ction

for t:e single rucleon orbit (:,./) times a spectroscopic

factor,

BA A
" = G \P (!‘ ) I )
Ju i) T TR x

Jnere 18 ro s .ver L and O since S = 5 unl, und L= J & %
according to tine parity cnonges The functlon é is

factorable

L .LAJ

BA
é“' (rx""}x) B UUJ (ry. k_r (Ix}

(PR

where U is tne radial f.o:ction for the i. orbit .nd
1

j*iM{r is the nucleon s5.in furction. a8 a recult bois lso

factorable

bin
(r 4or )=a U {(r )D (r_) herse
o X bx g Xe >4

{spime | :""‘a‘“a> uir, ) =/] \P*’b“‘b (ijy*nr Jxi
X V{rge bSX)WSaﬂ‘a (rbx.‘;b Ix) dS“ dzx
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If the wavefunction for a is also factorable as it ig for

the deuteron, i,e,, if

\V Saﬂa(rbx’}‘b' }x) = YalTox) )( “a'a (3"‘?‘51)

then D beccones

,, (-a) ,
J(rbx) = va (rbx) g (P!
(g)
ere V is the value of v 14 tne spin ¢t . te Sa'

i: the zero range .. jroxim.tion u(rbx) ig re l.ced by

a delta function

>4 o “Tbx
since L, = (g_b -2 £y (a B/x(8 ¢ )iy tuen
. . J2) Co -3
Elpy ) = 7y, - § Bg) (88/x(x + n))

G . .{(r) then bec..cs
PR ,i'}

G g8 = A g FL ) ) (=)

with F_,; (r) = U(r) .. raci.l funetion of the o Lt.iod

_ A Al BA o ,
particle und .. ., = , . “J e wi.ere .. 1s tre asoer

4w

of ejudivaloe,t nucleorns in orbit .4,
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Double strippirg is treuted by iook and witra [0 J4, .
-he assoclated wavefunction .f t:c ocaptured pari:cles is

written as t..c sui. of uroaucts of two single particle wuve-

functions.
BA
¢ = Z(L.";i,;v-x Ju><1 ,e . g Xem l ~>
Jp ‘ 172 1"

e

’1"% m
! oyt
x{op® 7 ey |8 e ) 8 fp (74 )Xg (= )

1

(" "-?‘-61

X X .

Jl ‘_,2 U’l(l‘l)b’pz(ri)

wrere the sur 1s ver all quarntum numbers excont J and u.

Jhe gubserlate 1 and 2 refer to the two couptured .articles,

'he interaction ir Lile case is the interaction hetuwesce: Lhe

onty.ing urticles and tne stripce! sarticles

leo, Vo= Vo4V

it order L. facllit.te calcu.ation. the zer) ru ¢

apJredlaation for tne inelc v U particie s wuade, Lo do

b otoe e ctile
3

88 o polat garvicic. 4180 Li we ¢.: lues ouly v e’yn) e-

this we writc Ey =) =1L, =T TeCGaey WL Lo

wction=, tr: captured particles are outn ritons mana so in
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the projectile they must be in an s state. The trinsferred
8pin can then only be o » u 1.0 g0 we ust also n.ve J = i,

e wave f.octlon f the (1:.:) cucleus ls now

" G [ o[ s

0,8, ® |
' 5 ) 1 ia—ml ’
x<?1p2 Bll.:,-mll i ..> 1 111 (ot} 112 (wi)
l
X (r-)l;‘c (r) eJ J (Jmpp )\PJ' M

where the sum ic ovor il Quantun numbers oo ot J;s wiid »
Ginl wWhore e(J;:L,fl‘e") is a twou particle fractiov . ad peroentage
cucfflficicrnte [he lntegrations ca. 0w oo curcied ut .nd
siter some manioul :“ion Ui flnaedl caprression icr Li.e

o Ltill eross section is [Lwe 074y

k ! i -
do , b (2dp+l) ->- }:(U) Ig(e,tj,

s Kq \2d_+1) T.T

LS A -Jl-p plm@ﬂ -9

w3
&
b}
j¥
P
-
L}
~
ot
7’9
o
o
[

x<"“' £y “dl‘qa L'><L‘eb “"Pa “> x L8, Do py R ey
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In this lornula ”L(pIPZ) ie given by
s (0'0') Az R 2 2,
ol0p) < (00, = % g6 (- (3204,

and ¢, (5) denotes the ;. ruu.oility that tic two c.itured
sarticles in the oo ycctile nave (win 8. «8 mentioned .clore

3

for (Le’yn) reactions o = v wnd L = o, ih€e raviul ot ral

i i1s siven by

oD
g 00,4, = g, lrs Ug, (#) Up (ri Ug (r) x™ ur

where U?a and Ufb are tre radiusl e functlons which arise

when Lunc¢ uistorted ».uves arce e panded in spheric..i horiouics,
'ne above expression for t:¢ crugs sectio: coes aot

give the sbsolute vaiue, sirce to itiin tris i.v.lves

avaluatio,, an overlap inte: ral between tie i.t.:.ction operuior

. 3 , s
V a7a & rocdct f e’ and diproton w.ovcelunctlions, tis

Jactor g siven by

| ¥ ¥ .
vle, o= 7(-5 \l} ’oi”b(}'b“bx(sz’x b}‘x) \P"a“‘amb"}b}'x)
.
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c
where -)C. 1s the spin function of tie c.pturei ..ir,
5

Assuming trat O(p, _) has a snort range we can write

in the zero runge approximation [ta 67,

D(;_bx) = g < .xb.,‘f. mb o \ Ba ma> S(be)

woere the vleusn Gordon coeffici=nt 4 pears as btic result
of extracti ; the ..u:.cetlec .uantum nunber dc erdence of
J(gbx), and vnere g is a cunstant i.icl depcids on the
atrngth of t'.c interaction and the str.cturce of particles
a and b. re expressior. ive: above o tic cross r.otlion
sho.il: oo multiplied by tine factor 2. .ich 1s use. as a
e.rulieter In rixdng oo 2 abeolute magnitude of the cross
saction,

e selection rules wetorwining tie vaiue of o in

deuble strippin., sre

il
<.
+
=
+
it
L
acd
+
(]
|
A

Jhe value of o ig oveor if Le parities of the initial

firul gtales are the same, Lut odd if trey -re Jdifferent. in

the case ' the (EeB.n) or (t,p) reactions there is an

additionnl sclection rule
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Meutrons can be detected juite efficlently, but the
measure.ent of tnelr energies ig not so stralghtforward,
This is uccause the routron itself is rot an lonlzing
partiecle, In order to detect re.tru.s they rave to be made
to undergo sone furs - nuclear interaction 1. order to
produce a fast moving charged particle, The charged particle
1z ther detected thruuph its lonizing .roperities, Lhe

irteraictione ecounonly used are (n, p) scattering and the

reactions
1) Lo+ L16 s el e n3
2) R e N U
3) n o+ ne3 - h3 v 5

vetectors relylng on (u, p) scatteri:y arc cluuues, :nibers,
philtogrupnic plites, recoil telescopes il Une Orgw.ie

, . . . &
scintillators., .«tectore usin;, roactions 1, 2 ara 3 .0z o1 4

eryst.ls, JFB counters s f@3 proportic.ul couters
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respectively. The enerzies of the neutrons have to be
deduced from the kinematics of the induced reactlions,
Conplications arise in the case of (n, p) scattering because
the crergy of the recciling proton depends on its ar,le of
recoll,

In principle the most stralghtforward setnod of measuring
neutron energles is to measure their veloclitles, 7This is
Known as the “time of flight" tecnnique, ihis metnod of
energy measurencut was first applied to neutrons with energles
in the eV runge., Howsver wit: the development of neutron
detectors with a very fas! response, and the development of
electronic equipment capable of handling ulses i the
nanosecond region it has been possible tou extend tize of
fli,rt measurercasts 1.tc the beV range of ersrgies,

The time ci' fli;nht techni.uc was used in the exieriments
described is this thesis. In order to .ecasure the velocity
of a neutron one :ust krow the tilrve at which 1t left thre
target, the tise at which it reuched the detcctor ard the
dists.ce travelled bLetwenn the tar. et a d tre d-tector,
Feasurlirng the tLlve of uetection, mid the flishtpath is easy;
the problen is t- dstermine the startln, tice., .Jicre are
two ways of doing tnis. The ost versatile way 1s Lo bosbard

tie target with s=hort vursts of .ariicles. .re tiue of
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arrival of a burst of particles at the turget then deter-
wines tre tiue uf departure of the neutron. ine uther method
irvolves detecting & churged particle or gamma ray whicn is
releagsed from tre target in colicidence with the uneutron,

and uslng tre tinse of dcotectiorn of this particle as the
starting time, . iis latter metnoc nas tue advantage that
expernsive beam pulsing equipment 1g not required out obviously
cannot be used to study neutrous which arise froao trangitions
to tne grouid stute of particle staule ruclel unless the
recoiling rucleus car be detected. It is howcver a ugeful
tool for measuring the angular correlatior. between neutrons
and gamma rays or neutrons and charged particles, but one of
the major problems assoclated witr angular ccrrazlation
experiicrnts, narely, the ratio of real t. random coirclderces,
is likely to we more acute for ccrrelations with neutrons
since ip order to sot reasonable neutron energy resolution,
neutron flight paths of scvveral :zieters are regquireda. Jhis
will mezn that the neutrcn flux enterirn; the detector from
the tar; et will be su.ll, while the genurel Lacrground re-
malns the sume, wopoth oI these time of fligsht technlques

were used for the experinents reported in tLris thesis.

he Fulsed Less lethod

e

te—

In order to perf .ru tive of flight experiicnts with
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the pulsed bea=m method, a means of producing pulses of
charged particles is reguired, Ihere are two ways of doing
this with Var de Graaff accelerators. Ine easiest way is
to chop the w.L,., beam from the sccelerator after acceleration
by sweeping it across a narrow slit with an r.f. electric
field. A better method is to produce the pulses before
acceleration by pulsing the scurce, at uxford where the (p, nj
experiuents were . re tie furner method of pulsing 1s used,
while the o ~eV Van de uraaff at aA.h...c. Alucraaston, wrere
the (LeB,n) experli:cnts were performed, has pulsed source.
at vxford tie pulses are pruduced by ;:assing tLhe
acceclerated beax between a palr uf jurallel deflector plutes
tc which o strong r.f. electric field, with a frequengy of
1V .¢o/sec. is applied. ii.is field sweeps the bea. across
the entrance slit of t-¢ analysing iagnaet, a short pburst
of particles passes tihrougl the magnet everytime the bean
crosses the slit, Srou tnls arrangement alone, bursts are
produced every 5. nanoseconds, Iecause this tise interval
between pulses is too snort to weasure t:s tice of flisht of
the neutrons to be stuuled a way of increasing tiis tige
must be found. Another disadvartage of this sliple system
is that there are two image points .riuuced on tne tar et,

one ariging whern the beam is swept fros left to rignt, ud
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the other when it is swept from right to left. une way

of increasing the time interval between pulses is to run
the deflector plates at a lower frequency, but now a lurger
electric field would be needed to produce the suse pulse
length, :ie double image would still be proaucea, and in
fact would be worse than before since tne separation 1is
proportional tu the appliec fleld.

‘he mothod we nave used to increase the tiuwe interval
between successive pulses, which also removes the double
iuage, 18 as follows., aAfter passing betwecu the maln
deflector plates the beam passes beltwecn & second but s.aller
set of defiector plates., aAn r.f. clectric field witn a
frequeccy of 5 .c/sec, i8 applled tu the secondsry defleotors.
ihe direction of this field is at right angles Lo ti.zt of the
nain field and alsc at right an les to the directio: «f the
beam, if the relative phase of the two r.f, flelds is
ad justed correctly the hbeam after passing turough both sets
of defleotors will trace out a figure of elgit in space,
the certre of the figure lying on the .,C. beam axis, Ii.ls
agein is undesirable sl:.ce witn tils arrangement tnc bcau
would still oross the slit from left Lo¢ rimght and vice-verse,
altnough the pulse repetition rate is :ow one pulse cvury

1U0 1.86C.. :n11@ prepetition rate is stil: further reduced,
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and the double image finally removed by applying a negative
D.C. blas to the upper one of thc two secondary deflectcrs.,
“he beam of positive lons is therefore deflected upwards.
ihe figure of eirht traced out by the beem is also ncved
upwards ~o that t:e centre is ro longer on the azls, The
masritude of the blas is adjusted until only the bottom of
the fisure of eight crosses the axis and re:.ce L:¢ magnet
slit. The beam will now cross the glit in ore direction only,
and only once every 200 r.8. which is tle period of the
secondary r.f. field. The speed with which the be.i ¢rosses
the 8lit ar« hence the pulse length is overrel by thre
frequency and s nitude of the nain finld, A det:ilel .es-

criytion of the beam chopper will now follow,

The hain Deflectorsg

‘e maln deflector plates :.r¢ two hollow vars 80U cms.
long, 2. cise wide and separated by 1.9 cme. <hey are
orientated such that the field between them is rorizoatal,
Cooling water carn Lo circulated t!irou,h thewm, The plates
are mounted on rF.7T,".E, irsulators irnside an aluainium pipe
20 crise In diasucter which 18 counled to tihe benn line Letween
the tandem accelerator and tle anclyring neurnet, icrometer
adjistling screws enczhle tre plates te e all. ned =ccur.tely

parallel to the bean axis.
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The r.f. power is applied to the plates from a 8 k!,
lu ro/seq. power amplifier, The circult diagran 1 this
amplifier is shown in Fig. (2.1). The plates themselves
forr. part of the amplifier's tank circuit. The rest of the
tank circuit cornzlsts of & coll 1" long and L4* in ilaueter
wound from 12 turns of 1/4" bore copper tube, and a parallel
plate variable ulr condenser (iCl) with a maxinun worsing
capacity of about 8 pf used for fine turing. ‘¢ arplifier
uses a water cooled triocde (NMullard TU7-£0(tW) which will
stard a maximum .ower dissipation on its anode ¢f 6 k..
Tre maximum power developed ir the tank clrculit whe:. the
valve ig operated with an anode volte e ~f 6 kV is estimeted
to be 8 kW, and the efficlic.cy estimuted Lo be 7. Jer cent,
The tanx coll is an autotransfurmer with a step us ratio
of 4 : 1, sc when the amplirier is run at full power Lue
r.f. voltage developed :cross tne deflector plmtes i:o 24 kV.
The coundenser (Cl connected betweer the turk circuait and the
grid of the triode is si:ilar in ¢ mstruction to Wil «d
is used to reutralize the 11 pf grid-auode capacity of Lhe
triode to prevent feedback froun the output to the input.
The resisturce-capacity coarication Hl, C1 [ roviees a
self biasin_ circait for the triode, tr.cir values haviug
been choson so0 as to give a ceann D,O. o rid bias of

- 450 V., The relay is included to .r.tect tr< valve 1in tne
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avent of fallure of the input to the valve resulting in
the loss of grid bias, If the grid bias riges above - ULV
the relay opens and turns off the KHT supply to the valve,

i{he power required to drive the main amplifier is about
Joue, This i3 supplieu by a smaller power amplifier also
shown in rig. (2.1). shis ampliflier uses an air cooled
tetrode (rullard wY L4-250C) and is capable of providing 75uW
of power when operuted at L V. Jie tank clrcult for this
amplifier consists of a coil made from 16 S.:.u. COpper wire
woullc on & 3" Jdlsmeter foruer, tue fuput capacity of the
triode, the capacity of the coupli:, cable between the wualn
amplifier asna the drive ctage and & parzllel plate varisole
air conuenser (2 for tuning. The screen grid is bluased at
+ 9.V by the resistor chain ligy gu, &id the cotrol gria at
- 25V by an exter.ul stabilized u.C, supply (tc be described
later). i1he reluy protects the valve in the event of failure
of the grid blas supply by switenlng off the bnie buring
the testir. .f this amplifier it was found that the saall
grid-anode capacity of (.2 p.f. was large enou:h to cause
considerable feedback, This necessitated the addition of a
small neutralizing condenser co:nected between the grid and
tank e¢oil.

The drive mmplifier is itself driven by a third

amplifier which cuntalns the stanuard lu iic/sec, crystal
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oscillator. The circult diasgram of this a.plifier, togetier
witii the oscillator, is ehown in #ig. (2.2),

When run at full power there ig estimated to be heat
disslpation of about lu kW within these auplifliers. Most
of this heat is dissipated i» the deflector plates and tank
coil. To remove t:is heat water is circulated through the
coll and deflector plates, The ends of the colil are connected
directly to the inlet pipes of the deflector plates. The
cooling water <:tcrs through a 7 junction at the centre of
the 001l unu leaves at the outlets from the deflectors,
Another water circult coolg the anode of the triode, Urdinary
water from the cains is used for ocoling, connections to the
various components belrg nade with " bore P.7.7.... pipes.
ldeally demineralized wster sihould be used for cooling to
reduce power losses, but since the amplifiers rad been well
overdesl ;red the power lorses actually occurring ia the tap
water could easily be tolerated, and the complication of
installing a demineralized supply was 0ot negceéssory. at the
rear of the crasses contalning tne amplifiiers are mounted
44" diuncter fans each cauutle of celrculating «ir tirough
the units 2t a rate of about 3u cu. ft, per ilnute, ..e¢se
fa:ns maintain & flow of alr past tie alr cooled valves, and

alsc ~eep the aubient tenperature irside the .:.lts .t 8

reasonable leval,
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buring the testiry of tue smplifiers problems arose
due to the failure of the insulatin, .uaterials used in the
cunstrustion., Originally the supports for the tuning
cundenscrs were zade from "tufnol" and the water pipes made
from i.V.Co <he reliability of tne amplificrs was impaired
by the excessive dielectric losses ir these nmaterials.
COther iasulating .aterials wer. tried with varying asounts
of success., The (inal chLoice was polystyrens for the tuning
condenser supports, polythene for the tuning knobs and
FoloPuks for the water plpes, It was also rounc necegsary
to nmount the current ..eters on the front of the amplifiers

on perspex supports.

The yuadrature Deflectors

‘r.e secoudary or quadraturc defleciurs are sluilar in
construction to the zaln deflectors exeept that tney are orly
35 cus, lon,. iney ar. orientated at right ang les to the
mal. plates and so deflect the bean in a vertlical ...te,

‘he power to tLese plates 1s supplied by 2ik: power zaplifier
which uses an air cooled tetrode valve (hullard «¥5-a0u),
“he amplifier is t.:.ed to a frequency of § lo/sec.. .he
circult ulagraw is snown in Fig. (2,3). e tank circult

consists <f the quadrature deflectors, the tuni.; condensger
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{C3 and the tank coil. ine coil i~ wade from 1/t" bore
gopper tube wound on a 6" dlameter polythene former. .ne
end of the coil 1s coupled directly to the lower of the two
quadrature plates, while the otner end is coupled to the
upper plate through a LuiU pf 15kV oondenser CL. 1re purpose
of C4 1s to isclate the upper plate from the :=iT to enable

& negative blas to be applied to it. The ¢oll has a step up
ratio of 3 : 1, thus enabling up to 15 kV of r.f, to be
appiied tc the quadruture deflectors.

both grids of tne tetrode are blased by external suppllies,
The control grid uses a - 25V .,C. stablilized supply, and
the screen grid a + 6ULV (i,C, gtabilized supuly., « resistor
chaln c¢culd not ve used to blas the screen uvecu.se of the
large amount of heat (5.C¢ ‘atts;, which «-.ld be uissipated
ic 1t. .8 in the casc of the 1L~ 50 a small . treli:ling
¢orderger was ‘-und necessary to neutralize the ¢.l. . grid-
ancde gapacity, ~“he valve ls protected agulinst fallure .f
its cotrol grid tias by a relay which turns off tre .7
in Lthe event of such o« fallure,

Jrne ampli.ier ig cooled by a fan mounted in the back of
the unii whici. directs & stream f cold alr cver tre tetrode,
She 01l and deflector plates . water cocoled, tne upper
plate being on a separate water circuit from the cclil and

lower plate.
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The negative ni!l bilas for the upper plate 1s supplied
by an external power pack. se6cause « the finite resi:stace
of the cocling water thias Jower pack nad to be ca,able of
8upplying up to 3C mi of current at § kV, The r.f. from
the plate 1s .rcvented from reaching the sower pack by the
r.f. choke 'y made by winding 1 U turns of 24 5. .3, copper
wWire or to a i, ',Feh, furmer §" lung and L" dlameter,

i'he quadrature amplifier is driven ny a pre-awplifier
powered by a iullard tetrode valve QV.4-20; also shown in
Flge (243)e A plckeup loop inside the main amplifier picks
u. a 16 .'c/Bec, slgnal wrich is fed into a "phase snifter"
(ru 06)., Iris is a levice nhiéh scales a 10U irc¢/sec., 8i,nal
down to 5 Me/scc. and ives a sire wave output whose phase
with respect to the iuput can be varled co..tinuousiy (rom
¢ to 2w, ine output of the phase s ifter is tnen feud to
the input of the quadrature preasul1ifier. .y means of the
phase giifter the phase <f the r.f. applied to the juadrature
plates can be varied with rec <ct t. the !lage . that on

the .aln nlates,

rower supplies

he P17=0.Ulk, wid=0 i, and il=5 vzlves reyuire

anode "'l supplies of L to 7 KV at .54, tc 5 kV at 1,54
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and U0 to 4 kV at 1l.uA respectively. To obtaln these, tne
three phage malns supply \s sultably transfcr.ed, full wave
rectified and smoothed. Variacs on the input side of the
=HT transformers allow the output voltage to be controlled,
The rectifiers used are Mullard Hii3=125.. Pelays are
installed inslde each uiit 80 tnat the power supply caunot
be switcned on unless the grid of the valve, (v whlen the
poOwer supply is connected, is blased. They alsc switch the
L8 off 15 the event of fallure of the bias supplies. :he
three power supplies sre housed in a single cabinet which is
cooled Ly three fans mounted at the back. [he regative ..iT
bias supply for tre quadrature plate is obtained by full
wave rectificution of the output of a sin le phase mains
transformer, cur this urit the rectifiers used are Perranti
it%.33 solid state rcctifiers. A Variac on the input to the
transformer erubles the outiut «f the bias supply to be varied
cor:tinuously from ¢ to o kV,

In addition to the il supplles two stabllized g rid
bias Bupplies are required. One has to supply 50 un at
- 250V and tne other 3u. ma at + 60V, he - LSV supply is
used to Lias the grlds ! the . Yh«d5. ana the 15«5.v und is
also used as tnhe H.7v. supply for the cryst:l oscillator
and 1ts amplifier, e + 6uCV supply provides the screen

blas for the .I5-7uC and «is0 the k... sSupply for the
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V0620, Figures (2.4) and (>.5) show the circuits for
theso poﬁar supplies, In the original deslgn cener dlodes
were used in ;'lace of the gas discharge voltﬁgo reference
tubes, but these were found to be unsatisfactory due to
changes m Lheir Lener fditages with changes «f tenperature
and ourrént. The’tluctuatloas with tem,eprature c:::1d be
erucad by using several Jener diodes with positive and
negative temperature coefficients in series, but the fluctuse
tiocss produced by changes in tn: current flowing through.
then could not be removed. Although these f{l.ctuations

were only a few millivolts, they were being applied to the
input 6( a high gain amplifier with the result that fl.ctua-
tions of several vclts appeared at the cutput. Usliyy cune
ventiocnal voltage refercnce tubes these problemnsg were removed
and a nigh deisree of stabllity was cbtulned. « 1lU. cnange

in the cains voltage produced less thar (.5 volt charge

ir the output volta; es, ~lso changes in the output voltages

with changes in the loadin; were negligible.

arrange.ect of the Chopper

The maln deflectors and the guadrature defleciors are

mounted one benhind thoe other with the maln deflectors
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nsarest to the accelerator, They are electrically screened
from each other by an earthed wire mesh which has an aperture
in the centre to allow the beanm to pass through. ihe r.f.
axplifiers are situated immediastely below their respective
deflector plates and are coupled to the tank coils by stout
copper rods 3/16" diameter. Beneath the main amplifier %s
its drive stage and the orystal oscillator, and beneath this
is the D.C. bias supplies, The quadrature amplifier has
its drive stage mounted beneath it, and at the botton of this
side cf the chopper assendly is a refrigeration unit, When
the chopper was being operated on wet days water vapour was
found to condense on the water cooled parte resulting in
electrical breakdowns. Por this reason the refrigeration
unit was in:talled, This rezoves any water vapour from the
air inside the chopper assenbly and circulates cold air
through it. 7The complete chopper asse:bly ls enclosed in a
steel cabiret with the two halves electrically screened from
each other, 7The unit is fixed to a steel frame and can be
l1ifted into and out of the beam line by means of a pulley,
The sgteel frame its over four lucating pins fixed to the
floor of the accelerator vault and ensures luat ti.e chopper
is correctly aligned netween the tandem wnd the uagnet.

Zhen in position the centre of the maln dellectors 1s L uetres



from the entrance slits of the zmagnet. Pigure (2.6) shows
the layout of the chopper assembly.

Q Froo

The method of pulsing the bean is ss follows. First
of all a D.C, beam as large as the accelerator will give is
analysed Ly the magnet. '‘he main asplifier is turned on,
tuned up and set to a suitable voltage which depends on the
energy and nature of the beaa used and on the pulee length
requlired, ihe machine controls are then adjusted to optiuize
the transaitied beam., The mean D.C, beam will be found to
have droyped by a factor of about S50 for pulse lengths of
the order of 1 ns, The flight lines on the uxford accelerator
are egquipped with beam scanners (Te 65) which enable the
profile of the beam to be cbgerved at selected points along
the line. ine soanners display on an oscllloscope scrsen
the shape and size of the beas in a horlzontal and vertical
plane, C(re of these scanners is situated just in front of
the entrance slits of the ma net, Thlis is a focus polnt for
the beanm and before pulsing tue sranner snows Lwo sharp peaks
corresponding tov a well-focussed beam 1. the horizontal and
vertieal planes, #ith Jjust the ualn chopper running the

peak on the scanner corresponding Lo the horigontal size of
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the bean is found to widen considerably while the vertical
display resains sharp. This is due to the beam being

swept backwards and forwards in the horizontal plane. The
next stage in the operation is to switch on and tune up the
quadrature amplifier, The vertlical display on the scanner
will now be seen t¢ have changed. lnstead of the single
sharp peak two or three pesks will be seen. The horizorntal
display reazains broad. The phase of the quadrature amplifier
is now altered while watching the scanner. As the phase 1s
varied the vertical scauner shows alternately three peuks
and two peaks corresponding to the beam tracing uvul diffe-
rent Lissajous figures., i1e phase is adjusted until three
peaks are visible and are at thelir wildest separation, The
three peaks represent three beams whicn correspond tc the
top, centre and bottom of the figure of eight traced ocut by
the original beawm. The negative J.C, blas is then applled
to the upper quadrature plate until the lowest of the three
beans lies on the axis of the flight line, i.e., only the
lowest bean orosses the wag ret slit, [rie trans.itted current
is then opticlzed by fine adjust:ents to the phase and bias,
fhe magnitude of the final current will be found to be of
the order of 1/2Cith of that of tne initlal ...v. beam,.

An estimate of the performance of the chopper can be
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made in the following way. If the transit time of an ion
through the chopper is a snall fraction of an r.f. cyele
then it can be shown (Ne 60) that for an axial ray the
burst width is :siven by

At = Lide Ay

2a~revo.01(,pl +20)

tx

where = energy of tie ions
= frequency of tirc r.f. applied to the plates

= peak r.f, vcltage

D o« my

= longth of deflector plates
£, = distance of slit from deflectors

Ay

width of the slit.

secause of tne fi.ite size cf the beam spot A y should
be replaced by (Ay + S) where 3 = dlanuter of tie beam spot

at the slit,

for the diuengions .{ .ur chopper the¢ tuprst wiulh turns out

to be

At = 1.5 (3 + Ayi %j"; n. sec.

if L and /\ y are measured in cms., - in .6V and Vg An

kV.,



Putting in typical values for /\y and S of 0.26 cue. and
9.20 cms. the r.f, voltage required on the chopper plates
to chop a 10 MeV proton beam down to 1 ns, 18 6.95kV. This
i8 well within the capability of the chopper since it can
produce up to 24kV., However the two Oxford accelerators
can be coupled together in order to produce protons or
deuterons with energlies 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 1
and 2 ns. are used. The reason for this ils twofold. wWith
a D.C. beam from the accelerator of 3 pA and a pulse length
and repetition rate of 1 ns, and 5 Mc/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 [;resent
not better than 2 ns., and uothing is gained by producing
pulses with a duration of less than 1l ns. ‘'he resolution
ig not improved and all that happens is a loss of beam
intensity resulting in a reduction 1in the signal to back-

ground ratio. The chopper 1is normally operated at the lowest
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voltage for wrish an inorease in voltage does not improve
the tine resolution of the detection system. The chopper
has boen used successfully for proton beams with energies up
to 18 reV, At this energy, 12 kV a.c. on the chopper was

all that was needed to produce pulses whici. were short enough
not to affect the resolution of the system, Typical
operatinuz coruitions for the chopper using proton beams

with energles of the urder .f l. FeV are
B.l's Voltage on main plates = 6 kv
#.Fs Voltage on juadrature plates = 6 kV

Del. Blas on juadrature plate = =) W

=G ostector

The wualn rejulrs.ents of a reutro:.. detector for time

of flight experimerts are 'e

1) It should  .ve a very fast response of the order of
a nanosecond,

2) It should be reasonably efficient,

Thege two requirewests liamlt trne o cice of deuvcctor
to a scintillator-photomultiplier cuatlinatioi. nere .re

now severul types of organlec scl.tillaturs, coth liulus and
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e

solids, eowmavciglly avallable which satisfy both require-
mente. Unfoptunstely they are often just as sensitive to
gamma rays as they are toc neutrons, However some of these
scintillators have the additional property of producing a
~different type of light pulse for neutrons than for gauma
rays and it is now possible to disoriminate completely against
ganma rays without reducing the neutron detection efficiency.
Une such scintillator is known as Ne2l3, It is a
liquid produced by liyclear nnterprises Limited., Its decay
constant i3 3,6 n.s. and it shows excellent pulse shape dis-
crimirnation properties. HNeutrons are detected by producing
proton recolls irn the scintillator itselfl, while the response
of the scintillator to gamma rays 1s nsirnly via the Compton
effect. Fulse shape discrimination is posaible due to the
different response of the scintillator to protons and electrons.
The detector we have used ls made from this liquid. It is
vcontalnod in a cell 10* in diameter and 1* thick. Coupled
to the scintillator are $wo “ullard XPlOLO photomultiplier
" tubes, These are l4 stage photomultipliers with a gain of
109 and an anode pulse rise tiese of 2 ns, They have S" dla-
meter photocathodes., ~The dynode resistor chain (~ig. 2.7)
for the photomultipliers is adapted from the one recommended
by telleitini et. al, (Be 63, be 64).

A blook diagram of the «lectronio equipsent is ashown in
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Fig. (2.8). 1t . -ists -7 two sections, one "fast"

ard one “"slow”, In the slow section linear pulses are
taken from the eleventh dynodes of the two photomultipliers,
added together, amplified by a double delay line amplifier
an: fed into a discrininator. The rcucon for takirg the
sum of tne linear yulses 1s that by setting an amplitude
blas on these pulses a uch sharper cut off at the low
energy end of the detectors response is obtalned tran would
have been obtuined if individ..l slases had beern put on
the linear pulses, Uneven light dlstrib.tio: between tie
two photomultipliers makes it in.0ssible to get equal
amplitude linear pulses for tre same 1light pulse. oy
working with the summed pulse we are taking the total lignt
collection into account. From the fourteenth dynode of
one o the tubes is taken a pulse which is .ccu {ur pulse
shape discri.cination (see rnext szction), Ttis pulse is
auplified by an ... awplifier before being pubt Llhnto a
discriminator. In the fast section a fast sulsc is tuxen
froa each of the tubes., 1: the tube from whic. the
discriminator pulse is taken t..o fast pulse is taren LIf
the twelfth dy-ode, but ir the otner tube 1t 1s tuken off
the 110de, .nese pulseg are wiplified by wid. band

amplifiers, the one fro: the dynode beinyg first iaverted
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sinse it is positive, and then put into synohrouising
discrimlaators. fThe outputs of these disoriminators are
seut into a fast ocoincidence unit, By requiring & coincidence
between the fast pulees from the two tubes random pulses

due to photomultiplier noise are reduced, Ihe fast oolin.
cidence unit gives two outpute, a type 1 pulse used for logic
and a type 2 pulse. The type 2 pulse iz used as the timing
signal for the time of flight measurezents., This pulse
slgnals the detection of s peutron or gamma ray. Jie olher
pulge required for timing is derived from the beam chopper.

A saall ocoil placed inside the main chopper ampliflier plicke
up a 10 iic/sec, signal from this amplifier. 7The slgnal so
derived is s¢caled down to 5 Fo/sec. und is then used to operate
a8 trigger eircuit known as the stopepulse generator, (ru 66)
which produces fast short julses with a rise time of less
than S ns. and duration lv ns. at a frequency of 5 ic/zec,
ormally the pulses from tle stop pulse generator would ve
uged to start tihe time to pulse nelght cunverter, uni the
pulse from the detector used to stop ths time sorter. but
gince tre tiue gorter we ave used will not operate with an
input rate of 5 He/sec. we have tc operate 1t the uther way
round. {he pulse frox the detector starts the time sorter

and the pulse from the chopper stops it, sc that the tiame
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interval that is weasured is that between the triggering
Of the detestor by a neutron and the arrival of the next
pulse from the ochopper. The output of the time sorter is
analysed by a 200 channel Victoreen kicksorter, .he kiocke
sorter is gated with a pulse from the slow side of the
deteotor electronics, but before the origin of this pulse
can be explained a discussion of the mode ¢of uperstion of
the pulse shape discrimination circuit is needed.

A8 mentioned before Ne2l) is sensitive both to neutrons
and ganme rays. Neutrons are detected by neans of recoil
protons in the scintillator while gamma rays arc detected
via electrons produced in Compton scattering events. lHowever
the response .f the scintillstor is different for the two
types of particle, Any lonlizing radimtion 1r tne scintillator
will excite several :.odes .f light exission the nost pro-
1ific .f wnich are an intense fast component of about o« ns,.
life time due to the decay of excited molecular states, and
a nueh slower component of about LUC ng, decay tlne due to
the reconbination cf lonized molecules. It is fourd that
for tie sane total lisht ecisslo:, the percentage of slow

component for proton excitation ls approximately twlee that
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for eleotron excitation, due it is thought to the greater
density of ionization along the trasck. This phenomeron

can be used to discriminate against gamma rays. «e have
adopted thne mothod developed by bBatchelor et. al. (Ba 60)
which was based on s method originally suggested by Cwen
(Ow 58). ieference to the dynode resistor chain for the
photomultipllers (Pig. 2.7) will show twe sets of jumper
polints A and CD., Under normal working corditions the Jjumper
points A3 are connected tocgether and the potential between
the fourteenth dynode and the ancde will be cf the ourder of
LV, When the tube iz required to produce a discriiirnating
pulse the jumper points CD are connected. The voltage
betweer the fourteenth dynode aud the anode can then be
varied by means of the potentiometer :, The potential
difference is adjusted to be just a few volts, Under these
conditions a current pulse coming dcwn the tube space charge
saturates the region betwssn the last dynode and the ancde
while the initial fast component of the light pulse lg
ocecurring. Ihis drives the last dynode nejutlve. uL.ring
the ouch lower intensity slow cowmponent tne space charge
clears and the dynode behaves norually belrg left positively
charged to a degree depending on the wagnitude -:f the slow

component. Since there is a greuter proportion of fast
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light for elestron pulses the dynode is driven more negative
than for proton pulses and therefore recovers later. As
& result of this the positive swing of the dynode for electron
pulses 18 delayed for the order of a microsecond, Iherefore
to count Just pulses due to neutrons all that is required
is an amplitude discriminator to cbserve the positive part
of the pulses and a coincidence ¢lrcuit to reject those
pulses which go positive late, lsoriminator pulses of
neutrons and gamua rays are shown in Fig. (2.9).

The origin of the gating puls; for the kicksorter can
now Le explsined., The ampliiied summed linear pulses and
the amplified "pulse shape uliscriuination" (or i.u..J.)
pulses are each sent into digeriminators. Pirst a slow
coincidence ls taken Letween the type 1 pulse frou the {ast
coiroidence unit in the fast side of the detector electronics
and the cutput of the discriminator for the summed linear
pulces, fThis sets tne lower bias of the delector. The
result of this colncidence is put into fast colrcldence with
the r.%.D. discriminator output with a resclving time of
Ue5 1 BeO., Lo eliminate high energy gamna rays w.ich produce
ie3ale pulses witin a positive swing. Finally an auplitude
bias is set on the F.. .D, pulses to reject the low energy

gamna ray pulses whioch are not intense enough t0 cause
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saturation of the dynode. This blas will also reject low
énergy neutrons but these in general will Le below the linear
bdias of the detector and will already have besen reczoved,

The pulse resulting from thig logic is used to gate the
kKieksorter recording the time of flight spectrunm,

Pe - s of e detector

iwo factors wiiloh determine the merit of a time of
flight spectromcter uare its resolution and its efficlensy,
‘ne resclution of the system depends o:i: ssveral factors,
namely the duration of the incident burst of particles, the
thickness of the tar.et, the energy spread in the incidont
beanm, the thiockness of the detector and the response time
of the detegtor and its asuvoclated electronics, ihe
duration of the incicent burst A T, causes an uscortainty
in tuo time of releuse of the neutron from t:.a target. The
finite thickness of the target will produce a spread in Lhe
vnergy of the incident beam. this leads to an uncertainty
in the energy of the liberated ncutron and Lence a s, read
[3 TT in its time offlight, 7The cunergy spread in the incident
bean causes a similar effeot but with Van der uraaff
accelerators this latter effect 1s negligible, The thicke

ness of the detector will cause an uncertainty A T, in the



where T 1s the flight time ~f a neutron with energy
[ON8

A useful way of uneagsuring the time resolution or t.e
systew 18 t. boubard a taiget with pulses of chrar.ed vurticles
fro.. the accelerator and without pulese shape discri:i.iration
observe the peak lr the time spectrum Jue to the ganma rays
frou the target, Since all gamma rays from the t.rget have
the same fli ht tlie the width of this .eax wil. measurc
tue time resolution «f tie spectruncrer, ..irs ean 15 ulso
useful as 1L cati o uged to fix tnc time zero ol tuc ...:clbrui,
Ticreaslng the amplitude of tre r. . on the cro, per plztes
will at first cause the wiutn of this peak to deciuuue, but
eveniually & v.lt e wlll be rewchew abouve whica il lncreage
1.0 volta,e will ol cause a decrease in the peun widih, a4t
thig point tnc resclition is no longer depcraent on the pulse
length from the chopper but is belrn; detcrmilned solely by
the electronics. 1ln practice the chopper is norcally oper.ted
at the lowegt volta; -~ [.r whicn an increage in voltage does
not casuge a .~crc.se in the time resolution, The . .- al
time resolution of the systen is between 2.5 arnd 3.C ns.,

althouzh cecasiorally a rez>lution as low as Z,. ns. Las been

acr.ieved.,
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The efficlency of the detector is defined as the
ratio of the number of r<coll rrutons detected t. tne number
of i.cident r.eutrons, A tieoretical expressiocn for the

efficiency ¢f tue type of detector we have used is given
by (:w 60)

ﬁl(ﬁ) =1 .exp | - n, o d ]

where n, = number of b atoms per cc, of sclitillutor
0| = n -« p scatterin; crose sectlon

d = thiockness ¢of the scintillator.

inis e:.resslon is derived under the assumptlons that (e

1) carbon A es not contrirute t- the delection
2) e trickress of the sclutiilator is saall corpured
to l/nH o, l.e,, only sin;lc scartoring .Couit.

3) +11 recoil priotorig are detected.

in prastice onl, pr ton recoils, or .ore .recisely lignt
pulses sbove a cortaln asplltuse are delected. o0 for low
energy neutrons & lurge pro,ortion of the proton recolis

will ot ce detected. #For hlgh enetgy neutpyong the pruportlon
not observed will be smaller uui the cbserved efficiency will

approach the theoretic..l value. valculations by .atchelor



et. al. (Ba 61) on the response of urganic scintillators

to necutrons have gnowan that for low energy incldent neutrons
the proportion of nultiple scattering eveuts is relatively
high, At high energles multiple scattering is not so0
fuportant., The calculations also show that carbon does
contribute oonsiderably to the detection meechanism but as
the carbon recoils produce only very low intensity light
pulseg they will not in gener:l be recorded and so tnelr
effect on the cverall efficlency ¢f the detector may be

ne lected,

We have measured the relative efficiency of our
detector as a function of energy using the ncutron producing
reactions
D{d, n) H03

and
147(p, n) Be’

The first reaotion can be used to measure the efficlency
of the detector for neutrors above 2 eV, Fur a bouvarding
energy of 8.15 eV the nuutron energy varies from 11.37 kev
at ¢° to 1,87 eV at 166°., . he differenti:l reaction cross
section for this resction s accurately known (ur o.), and
so by measurin, the neutron yleld at various uangles the

detector efficlency as & function of neutron enerygy car. be
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determined., We therafore bombarded a deuterium Jas target

| with a pulsed beam of 8,15 MeV deuterons and observed the

| neutron spectra at 1¢° intervals from 10° to 160° with a

flight path of 2 metres. For these experiments the tar ot
thickness was 200 pg (approx. 5C keV for B MeV deuterons).

For neutron energies below 2 NeV we uged the L17(p. n)Bl7
reaction, 'The differe:tial cross section at o° has been
measured fdr proton enerzles between 1,9 eV and 3.3 eV by
Gabbard et, al., (Ga 59) and betwesn 3.0 and lu,. teV by
Borechers {(Bo 63)., iue reaction is erdoergic ani has a
threshold of 1.88 eV, Congequently at 0° neutrons can be
produced with energies of 120 keV and above. Using a pulsed
beam to smeparate the ground state neutron group from tre
firat excited state group the neutron yleld at ® was neasured
for proton energies from threshold up to 5 eV, (his produced
neutrons with ener-les up to 3.3 iieV, »s the energy ranges
covered by the two reactions overlap one set of icasurenente
could be normalized against the other, JFigure (2.i., s.0ws

tiie efficiency curve so obtained,

‘Th pciated i icle meth

fieasuring neutron times f fli, ht by the as:o0:lated

particle nethod requires that another particle be released
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from the target in colncidence with the neutron. ihe time
of flight of the noutron is ther found from the differ ice
in tize between the deteetion of the neutron ana of the
éssoclated particle, allowance '@ving been made for the time
of flight of the associsted particle. If the associ:ted
particle 1s a gamza ray, then the correction is incependent
of the sneryy of the associated particle. However since
for most applications of this teshnique the asscclated
particle detector is placed only a few centineters at ..ost
fromw the target this correction can be neglected., The require.
ments of the ass.clated particle detector are t:.at it should
have a fast responsge in order to xive &n accurate time zero
signal, and it should have & high efficiency. ror some
applicaetions 1t maey also be required to have energy disori-
mination pruperties 8o that energy measurements on the
particle may be aade. Time of flight measurements by this
method have the advautage that a pulsed accelerator is not
required, but in order tu.at the true coincident rate is not
swamped by the random ¢ocincidence rate, tne count rate in
the detector must be kept very much less than j%{ where ¢
i3 the resolving tine of the clircult., Lne type i experiment
ia which the assocluted particle m=thoui ls preferavie to

the pulsed beam method is an angular correlatlo:rn experiment.
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In fact beam pulsing is undesirable for such an experiment
for while the real coincldence rate is proportional to the
average yleld from the taryget, the random rate is proportional
to the average of the square of the instantaneous yield.
With a 1 per cent duty cycle the instantanebun yield is 100
times greater than the average yield.

We have used the assoclated particle method to study
the neutrons emitted following the beta decay of L19. in
this experiment the associated particles were the beta particles,
In brief the experiment co:usisted of activating a L17 target
by bombarding it with tritons for 1 sec., and ther stoppling
the bean for 1 sec. during whic:. time the agtlvity was studlied,
vy the nature of the experisent tne pulsed bea: .etnou was
Anapplicable. ihe experiment lnvolved looking for ncutruns
from the decay of 809 which was furmed from the beta dscay
of u19. oy requiring that a beta particle and a neutron be
observed ia coincidence we can select the required activity.
I'he neutron energies were dJdetercined by Lhelr ti.e of Jlight
which was in tura found from the <liferiuce in tl.e Lulween
the datecticn of the n-utron and tine beta particle., .ne
beta particles were detected in a block of lastic scirne-
tillator Mel02 with dimensions 9* x 9 x 3" pleced 3* from

the target. With this arrangenent the detector subtended
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& 80lid angle at the target of almost 2w, and its thickness
(3") was thick enough to stop the highest enaergy beta particles
¢xpected from the reaction (13.5 MeV), It therefore should
.dctoct approximately $0 per cent of the betas enitted from

the target. GCoupled to this scintillator by means of a light
Pipe was a 56 AVP photomultiplier which was wired to ;ive a
fast timing pulee from its anode and a linear pulse from

its eleventh dynode, The neutrons were detected in the detector
previougly described except that discrimination against pamma
rays was not used, This was because the energies of the
neutrons expected from the reaction were in some cases l1ess
than 1 HeV, 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 tine to pulse
height converter and the neutron ccunter the steép psulse, But
because of tue high counting rate expected in the beta
channel we used the neutron pulse as the start pulse ard the
beta pulse as the stop pulse, This 18 possible if iLhe beta
pulse is delayed sufficiently by a length of delay cable,

A block diagram ~f the electronics is shown in Fig. (2.11).

hs well aa‘an analogue pulse, the time sorter gives a pulse
whenever a start and stop pulse are received withir the time
range of the time sorter. <(his pulse was therefore used to

provide the gating pulse for the kicksorter. 'i'his pulse was
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taken in elow coinoldence with the pulses froum the
discriminators for the lirear :ulses fror the two detectors.
‘nese dicerininators determined the lower blases of the
detectors. he tine resolntion cf the system .un measured
by placing a %322 source betwec.: the two detectors ..d
weasuring the width of the y.y coincidence peak on the time
sorter spectrum, The »idth ¢f this peak is a measure of the
tire resolution. With the neutron counter uisse. to accept
neutrons with e ergies above 1 eV the resolving time -htalned
was 2.5 ng. i, ! whern hiased sc &s to count neutro:s with
energies down to about li« keV the recolution was fluna tc

be only 4 ns. i.owever this was adequate for the experi.ent,
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CHAY T EK 1III

miee oo O 6 . §

Introduction

This experiment was performed primasrily to investigate
the structure of the Be6 nucleus, £t the commencement of
the work only the ground state had been definitely identified.
’he reaction had been reported by Bogdanov (Bo 58),
Alzenberg~Selove and Usgood (A} 59) and by Gulyamov et. al.
(Gu 63). Bogdanov, using 9.6 iieV protons observed the ground
state and measured the angular distribution of the neutrons.
He found that the five polnts of his angular uistribution

could ve fitted tc¢ the equation
o(v) = [L.19 - U.23 cose + ..7. cosv, mb/sterad.

ihe angular distribution has a faoirly deep micimum at 9u°
indicating c large p wave contribution to the cross section
consistent witn the probable assignment of J¥ = ¢’ for the
ground state of Beé. “he width of the ground state which

is unbound to decay into Heu + 2p is less than 3U. keV, and
the « for the reaction is - 5.2 .eVv ~ (.2 “eV., o indic.tion

of any excited state was :ound,
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the work of AjzenbergeSelove and Usgood was performed
with 1U,.5 MeV protons onto a 150 keV tnlock L16 target. .hLey
observed the ground state at 30°, 60°, 90° and 135° with a
width of <& 150 keV. At 9C° they saw a neutron group
with a width of < 10U keV which they ussumed to have arisen
from a state in Be6 at 1.5 MeV, Thie group was superimposed
on a large neutron continuum from the 3 and 4 body breakup

reactions :-

6
Li + p > L15 +p+tn - 5.66 MeV

6
i + p -» Hel4 +2p+n - 3,70 MeV

They suggest that the small width of the ground state, con-
sidering it is unbound to breakup into Heu + 2p, and the
small neutron continuum between the ground state ncutron group
and the 1init of the L-body break-up reaction, indlicates
that this bresk-up mode is inhibited. ‘the 1.5 eV state can
decay freely into bis +p (& = G.9 :.eV) but its small width
could be explained if its J' = 2' since then p-wave proton
emission would be necessary for its decay.

Gulyamov et, al. reasured the . of the reaction and
the width of the .round state using 9.96 eV protons onto a

95 keV thick L16 target, Thelr results were :-
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Q@ = - 5,08 % 0.04 HMev

[ = v 2oy mev

806 is the Tz =~] member of the T = 1 triad at uass 6,
the other members belng He6 (T, = +1) and 116 (r, = ¢). Cne
is often able to :redict the position of excited states in
a nucleus by looking at the structure of its isobars. Be6
should therefore have the same level structure as Le6 and also
as the | = 1 states in L16. in Heé, apart from the ground
state the only other state definitely ldentiflied is at
1.79 ¥eV (Al 6C; Le 55; A) 65), with a width of liu kev.
Allen also reported a level at 3.4 rev but thls was not coisi=
firmed by s)zenberg-Selove, Information 0n the T =1 levels
in L16 is equally sparse., iwo such levels have been
idertifried, one at 3.56 eV and the ..ner at 5.35 { eV corres=-
ponding to the ground state and 1.79 eV state in the neé.
Other narrow states in L16 at 5,63 and .37 i.eV arc possibly
T =1, ‘heir analogues in Feé and ueb would be at 3.u7 and
L.8B1 eV, Gtates in L16 identified as T = L ure at oy = C.y,
2,18, 4.52 and 5.6 heV, ‘he level stracture of the cags o
triad is summarized in Fig. (3.1).

he properties of the levels of h16 are well accounted

for by the intermediate cuupling calculations of lo.14s
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(In 53). The states evidently arise from the ﬁz configuration
and the value of the parameter a/k = 1.3 indicates that L.S.
coupling is a good approximation. The properties of the
first six states in L16 are summarized in Table (3.1). On
the Inglis model the 1P and 3P components are expected at

Ey 2 10 MeV. Experimental levels are however observed at
6.63, 7.4, 8.37 and 9.3 MeV (La 66), but their properties

and origin have yet to be found, In the T = 1 nuclel only

1 3

o* D2 and P2,1.0 can occur. The ground

6 1
states of Be and Hes can be ldentified as the 5, component

the components 1S

with spin and parity of O'. Likewise the 1,79 MeV level in
He® can be identified es the .D, somponent with J* = 2%,
but this assignment has yet to be confirmed,

Since the commencement of this work there have been
gseveral other reports of work on the Be6 nucleus. Honsaker
(Ho 64) gives a value of 5.910 ¥ (,020 #eV for the threshold
of the L16(p, n)Be6 reaction, which gives a « value of
- 5,060 ¥ G,017 teV., He also pives the width of the Be6
ground state as 81 - 17 keV., batty et. al. (sa 65) using 30
and 50 eV protons regorted seeing several states in Beé at
excitations of O.u, 1.82, 2,38, 3.05, 5.95, 7.82, 9.33, 11,5,
14.35 and 16.3 MeV, Eccles, Wong and anderson (ic 66)

approached the problem in two ways. They studied the peaction
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4
He (He”, n)Be

and
L16(p. n)5e6

using 26 MeVv He" ions they bombarded a He target and
observed the neutron spectra at 3°, 150. 3.° and 45°. At
each angle could be geen the ground state neutron group

and a broad group consistent with an excited state in 806

at an excitatlion of 1,6 I U,1 riev with a width of 1.1 I
0.2 eV, Alsoc seen was a large neutron continuum due to
many-body break-up. There was no evidence for other excited
states up to an exclitation of 5.5 keV, <the angular distri-
bution of the ground state group was more ur less isotropic
with o(e) 2 (.3 mb/sterad. The L16(p,n)Be6 reaction
confirmed tnese results. With 11.0 and 12,6 .ieV protons
just the ground state and « broad excited state at 1.6 i.eV
were seen, and again no evid-uce for the other states rc.ort
by Batty. In both rcactions the 1.6 neV state was exclted
mwore strougly than the ground state.

The He“(LeB,n)Beé reactios was also performed by
Gulyamov et., al, (Gu 67) using 3v ..eV el ions. riey report

seeing the ground state and a broad excited stute at 1.73 ¥

L.l eV with & width of 1.7 ¥ u.3 eV, ..ey .easured the

67

ed
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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 0O, whioch on the Newns
theory of double stripping (Ne 60a) indicates an L = O
angular momentum transfer. According to this both states
ghould have J¥ = 0+. This 1s in agreement for the expected
spin of the ground state but in conflioct with the expected
spin of 2* for the first excited state, The work is also
in conflict with that of Eccles et. 8l. who found an 1s0-
tropic angular distribution for the ground state. The :ussian
paper does not explicitly mention the neutron continuum
expected from the many body break-up reactions and it seems
quite likely that thelr angular distridbution for the excited
state contains large contributions from the continuum, They
do however point out that aromalous L = 2 double stripplng
patterns have been observed in the case of Blo(t.p)d%z (M1 64).
Another approach to the problem was made by .iogers
and wegner (Bo 66) and also by riangelsor et. al. (ta 66) using

6. The results of both experiments

3

the reaction Li8(le3,t)ne
are in agreement with the (p,n) and (He”,n) data except for
that of Batty. Hogers observed the ground state and an

oxcited state at 1.63 £ C.lu rev, ['@ = 1.2 £ 0.1 nev, but

no other significant structure up to an exclitation of 1L keV,
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electrostatio generators. For the experiments with protons
below 11 MeV the tandem alone was used but for the runs
between 15 and 18 MeV the accelerators were used in the
eoupled mode. Using the tandem alone we were able to obtain
& mean current on target of G,015 ua after chopping, but in
the coupled mode the maximum that could be obtained was only
4 na, In the latter case the 1limit was set by the injestor
which was able only to produce a L,C, current of 1 na.
Because the currents which could be obtained on target were
small, thick targets were required in order toc prcduce a
reasonable rneutron yield., The targets were made from L16
moetal of 95 per eent purity supplied by A.E,u.t. harwell,
Various forms of target were tried defore a satisfactory one
was found. Firstly targets made by evaporating the uetal
directly onto tantalum backings U..l" thick were tried but
at the proton energies used tne neutron background from the
tantalur completely masked any yleld from the lithium. The

7 targets made in the same way. Jhis

same was true for L1
indicated that a transsission target was needed, so next the
lithium metal was evaporated onto gold foll U.uC.1" thick,
The maximum thickness of lithium which could be evaporsted
onto such a backing was only <0U ug/omz. This type of target
too proved unsuccessful., Although the background had been

reduced the yield from the lithium was still too small to



wake measurenents possible, MNuch thicker targets were
needed and sinoe the levels in 806 were expected to be well
separated targets as thick as 2 or 3 us/an? { & 100 keV)
eould be used. iugh targets could not be made by evaporation
techniques but 4t was found to be possible to pruduce
lithiun folls of thie thickness. The folls were uade by
placing a small plece of lithium metal between two pleces of
polythene and rolling it out in a pack roller, rhe foils
were prevented from oxidizing by pouring oll over them
during the rolling procees, Tthey were then mounted on tanta-
lum target holders which were discs with a §° hole punched
in the centre, snd were kept ilmmersed in oil until required.
Before they were mounted in the target chamber they were
first washed in benzene toc remove the oil, and then rapidly
transferred to the target chambe: which was then quickly
evacuated so as to minimize the oxidation of the folls,.

The target chamber 1s wade from thin walled brass with
a hole either side to allow the entry and exit of the bean,
and can be coupled to the beam line by means of twe brass
tubes 2° in dlameter, It can also be insulated froum the
rest of the beam line sc¢ that the current stopped by the
target asseubly can be weasured. 7The end section of the

flight line is also insulated from earth to enable the



transmitted current to be measured, The targets are mounted
in the terget chamber on an aluminium digc which has five
holes in it to take five targets., ‘The disc can be rotated
about its centre to enable any cf the five targets to be
oxposed to the beam, It can also be tilted so that the
target may be get either at 90° or h&o to the beam. One of
the five target positions has a quarts plate perma: ently
fixed to it, The quartz is used as a guide when focussing
the beax before an experiment., To do this a television
camera is focussed onto the quartz through a porthole in the
slde ¢f the target chamber., The plcoture can be watched

on a screen ln the control room. +YWith the bean brought to
a good focus on the quartg, the target is put into position,
Fine ad justments are then made to the beam deflectors to
make the current stopped by the target assembly a minimum,
This ensures good é}ansmission through the target., The
experinental layout is shown in Pig. (3.2).

After passing through the target the beam is stopped
in the end section cf the line on & lead stop. Ildeally the
flight line should be extended so that the beam stop can
be located in a hole in the wall at the back cf the target
room, but the divergence ¢f the beamn is such that 1t would

gtrike the walls cof the flight line before reaching the
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stop. The stop 1s therefore located about five metres
from the target. At the proton energies used there is a
considerabdble peutron 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
seotrm.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 foll 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 neutrpn detector could be placed
was 150 for a 2 metre flight path.

Excitation functions for the Lié(p,n) reaction were
measured at 300, 90° and 150o 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 4 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 measured at 15° and at 10° intervals between 20° and
160°,

. The results of the experiments can conveniently be
divided into twoc sections. The first section deals with
measuresents taken with incident proton energies below
11 PeV, and the second with measurements for proton energies

above 15 lev,

a8) bBxperiments below 11 HeV

In this region an exclitation function, and angular
distributions at 8.3, 9.0, 9.6, 10.C and 1lU.5 tevV were
measured, On every spectrum the neutron group corresgonding
to the ground state of beé was seeun, Typlcal tlme of flight
spectra are shown in Fige. (3.3), (3.4). The striking
feature of the spectra especially at furward angles ig the
intense neutron continuum caused by the multiple breakeup

reactions

6 5
L4 +p - 14 + p +n

-> Heu +pt+tp+n

The intensity of the continuum falls off rapldly with

h



FIG 3.3

: 6 6 _ _ o
Li®(p,n)Be Ep=10-5Mev ©1qp =29
4000~
BeS(1.7)
‘0
1 ---3+4 body continuum '.
3000~ L N .
\
o / \ L}
o Vo / \\
- o’ // \‘\ Be6(0-0)
o. / \ M
! \
. f
L ’ I's \. v *
2000+ ? / { .
[ / \0
o® / \
/ ®
of / \\
- .. / \ -
L / \
o // \
[ X ] / \
loooq4 .’ Pd \
* e \
e \ » Be’(0.0)
// \ oo
- \ R
o\ .'
)8000. ’
T T T ! ' v
60 80 jOO 120

Channel No.




FIG 3.4

‘ON (2Uubyd
ocl OO0l o8 o9 o) 4
i g 1 L 1 1 { 1 )
PERY LR LK IS ooc--.o.ood.o‘.lob e — T
. o- ¢ - Il’l‘ﬂjdd‘t}l\\\\.‘coooocqo
AO.OvN.Nm -.
000!
o
. (=
=
(S
» . .| -~
(g)
=
Q
. |
. s
. L oooz ™
(0-0)g24 n
WNNUIIUOD APOQ p4€ - — —
~-O00€
ozi=%lg A 01 =93 $?a(ud) g1




75

ircoreasing angle of cbservation and is scareely detectadble
at backward angles, The continuum in general shows little
or no structure although at a few angles and energies
especially above 10,0 MeV there appears to be discontinuities
in an otherwise smooth neutron distribution, Over the range
of energles covered by the excitation function the peak of
the continuum always fell in that portion of the specira
where an excited state of 806 at about 1,6 MeV would be
expected to be seen thus making the cbservation of a broad
state diffiocult, PFor bombarding energies below 1U.C eV
there was no definite indication of any exclted states in
806. but above this energy the contiunuum did develop a broad
peak which could be explained by the existence of a broad
state in 566 at about 1.7 eV, There iz no obvious indlcation
of any other excited states and definitely no sharp states
other than the ground state up to an excitation of L.U eV,
The small reutron group at higher neutron energles than

6
the Be
&

group is that froz the ground state and first
excited state of Bo7 formed by the (p, n) reaction on the
small amount of L17 impurity in the target,

DBefore the angular distributions and the exclitation
functions for the 506 ground state group could be extracted

an estimate of the shape of the neutron cortliuum be:seath



the ground state group was reeded, From pure phase :zpace
oonsiderations the probability of . bservi:ig a particle
with encr;y Ey in the centre _f .iass from a threc body
breakeup reastion is ; iven by

i ) ;
3 Ec(Lmax - l..c) «.1..-0

where b is the naxiwm ullowed crergy for the :rlicle.
(Ba w4)e Similarly for a four body break-up reaction the

probablility 1s

P lglagy -

03 ard Cu are constants,

Converted t- the lab. system tiese expressions iniave the form

Pj(gp,v)dqldfb - C'Ef [M_ZZEB. ~yot=-g * 2ai%$cost‘:-a2}é dﬁf d

1

- : 2 . 2.2
}4( p.!‘)db" g = C'L! [M— h L;.P + 23«20089—a J Q;;l d‘.-.;l

where
My = sum of final nasses for 3 body reaction

i), = sum of firsl nasses for 4 buuy reaction
B, = mass »f observed particle

mase of inclident particle

my = mass of target
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a= ‘Fn m, inp)

p +mt

Ep = lab, energy of incident particle

® = lab, argle of cbservation
Epot = total energy of system

i‘ut
m, + mt Ep

P

“hese .igstributlio:: can be converted fr.. an 21 OrEY

scale to a tiine of flight scale by the relatiuns

and dE « —— dt
t3

anl finally corrected fur the v.oriatio:n of the duieclLur's
efficiency ﬁliu) to give tus eq.ccred shape of L-.¢ neutron
continuum o a tinme of fli, it s +Ctruc.e

’ 1

Pj(t,e)dt o ﬂl(E) Pj(g,u) . *:3 dt

T E) 1, ( ,-) + —2- at
and lu(t,»)dt a Wl( ) 14( y ) .3

Spectra based on these distributions woere calculited

usin, & .ur-7 con.uter for the reactions



L ep » 13 epen 1)
L16 +p = Held + p+tp+n 2)
m6+p+ﬂo“+zp+n 3)

The latter reaction assumes that the two protons are
emitted as a diproton,

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) especlally
for high neutron erergiles, 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 MeV at 3b°
together witii the caloulated neutron continuum and the
result of subtracting the continuum fro: the observed spectrum.
Assuming the shape ¢f the calculated continuum to be correct,
the subtracted speotrum clearly shows the ground state group
together with a broad neutron group which can be identified

6 at an excitation

as being due to an exolted state in Ue
of 1.7 % 0.1 eV with a width of U.7  U.l kNeV, lhe broad
distribution at the low energy end of the subtracted

gpectrum could possibly be due to a broad state in 3e” at
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about 3 MeV, but is amore likely to be due to a departure
of the continuum from a pure phase space distribution. A
Ppossible cause of distortion could be the Coulomb interaction
between the residual nucleus and the protons from the break-
up similar to the Coulomb distortion of B ray spectra. The
repulsion betweer the protons andi the rosldual.nuclous will
Ancrease the number of fast protons. The effect of this
will be to lncrease the number of slow neutrons, .iis 18
Just the obscrved effect. The phase space calculations
consistently underestizate the magritude of the experimental
continuum at low neutron energies., As can be sec:. from Fig.
{3.5) vust of the neutrons in the continuum arige fro. tne
four body break-up reaction. Iihis is cuntrary tc the cone
clusiong of Ajzenberg.Selove (AJ 59) who sug_esied that this
break-up mode was iohibited. It is now seen to be the most
probable mocde of decay. ihe variation with angle of the
four body contribution to the continuum followed closely
that calculated from phase space co:aclierutions. It also
showed the same variation with bombardin; energy.

The calculated continuum always could ve fitted to the
experimental contlinuum in the region of the 806 ground state
neutron group. Tris was then subtracted to _ive the number

of counts ir the ground state group thus enabling the
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excitation functions and angular distributions to be plotted.
Figure (3.6) shows the excitation fuactions thus obtained at
30° for K, = 7 to 11,3 HeV and at 90° for Ep = 8.0 to 11.0
MeV. In each case the cross sectlon remained approximately
constant and showed no significant structure over the entire
energy range covered. 3Small fiuctuations were not re-
produceable and can be explained by non-uniformity 1. Lhe
target thickness, 1In any case the fluctuations were no more
than 10 per cent of the total cross gsection, only just outside
the uncertalnty produced by the subtraction of the background
and in the aeasurement of tne relative efficiency cf the
detector.

Pigures (3.7) to (3.11) show the angular uistriiutions
obtained for the ground state neutrons at ircident proton
energies of 8.3, 9.0, 9.6, 10.u, 10,5 iheV, These energies
were chosen as they were once belicved to bs points of maxime
and minima on the excitation function, The solid lines are
least squares fits to the experimental points of z series
of Legendre polynomials. ihe characterlistics of tie .sgular

distributions are :-

1) they are not symmetrical sbout 9C°
2) they are strongly peaked in the backward direction,
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In each case tre cross section at 180° is three to four

times that at 0°.
A sories of Legendre polynomials of the form

a° (Po + 8 Py +a, P2 te.. 8 Pn)

was fitted to the experimentsl angular distributions by the
method of least squares using a PDP-7 computer. Iu each
case the first three polynomiale were sufficient to obtain
a good fit, The coefficlents of higher order polynomials |
were an order of magritude smaller than those of the first
three, and the same magnitude as the calculated variarces

of the coefficients and were so not significant, .ne values
of the coefficients of the first three polynomials t¢. ether
with the computed errors are giver in Table (3.2),

If the absolute differential cross section had been
measured then the total cross section fur the re.ction would
be equal to hﬂao. lLowever in this case since the absolute
erogs sectiors are not known the coefficlent a, is Just a
normalization conctant, The shape of the angular .istribution
is seen to be independent of energy indlcating that there
are no resonances in the cross section over the runge of
energies used, ln agreement with the excitatlon [lucction,

The general shape of the angular distributlons agrees with
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that obtained by Bogdanov et., al. at 9.6 eV (Bo 5$5) but
differs in the ratio of the oross section at 0° to that at
180°,

Assuming that the reaction proceeds through trie compound
nucleus 807* the following conclugions may be drawn. Since
the excitation function shows no rescnances there are no
well defined states in 507 between excitations of 12 and 1§
l'eV, This is not surprising at this excitation w..ere
resonances are expected to be broad, Alse as tis cross
section is constant over tinis range of eneryles, the region
of excitation in the compound nucleus nust be well away from
any state in 607. The hi g lhiest known state in Be7 is at
9.9 FeV with a width of 2 ¥eV (i.a 63). The reactic: could
proceed through the tall of such a broad state., SGiice both
odd and even order polynomials are reguired to fit the
angular distributions there must be a ccntribution to the
reaction from states with both odd and even purity. If the
resction proceeded through an lsolated state in tie compound
nucleus orly even order polynomlals wiuld be required to
fit the angular distribution. From conmpound nucleus tneory
(Bl 52) if a reaction proceeds through an isoclated resonance
the highest order Legendre polyncumial appearing in the

angular distribution is iy (coseé) wheref £ 2L or 2i=1,
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which ever is L. sualler, where I is tue a,_ular wuic: Lum
of the highest partial wave 1. vic Lra.cition and J is the
totul s.:in of the compound stute, If Lhere are twu .r .ore
i.terferi.. levels tien boti. 2dd and even order polyn...iuals
can appear. In the pirese .t case the hihest oricr wolynomial
appearing is P2 a0 that t..c Lignest partial wave t.: . ing part
in the reaction is tle p wave. Jut sincc oot odd and .ven
order polyruitlals appear tivre nust be interfer nce bet.een
8 wuve and p wave neutro.s,

UBing the uetrow of analysis adopted by Tasckek (. a 48}

t:.¢ amplitude ::f the neutron wave cu.. cc written us
f{(=) = c, Po(cosu) + cq rl(cosa)

where ey = a exp(i EJ)

Hence thg intersity ovse.vel at an angle o i Lae centre of

nass ls
2

i(e) = lf(V)

2
¢, Po(coc') r ey fl(uwﬂnj

Thiis can be wrltie:: as



5

2
2 “1

where a = Q 1+ i
o o 3

a, = 2u°al cos(al-ﬁo)

2 2
) 3 %
From the experiumental data the paramneters Cor 41
and cos(&l-po) may be dcterrined., Jhe results ar. glven
1.'; ;\able (3.3).
The amplitude of the neutron wave for the l.,5 ..eV data

can therefore be writter as

fle) = G, 71 ¥, + 1.23 exp (Co49im ) ¥,

Q L

This shows clecurl; the lar,e contribution from tne p wave
rneutrong to the reaction,

“he final nucleus ~.ei‘,’ is expected to Lave s5.1n v e
assuming this, the selection rules severely 111t tae v .ins
of any compound state wilch mignt be escited b, the rcactlon.

Mese are iven by the ralitlons
:.‘icz-‘]-f+£nfiin
g = (<) =g

where Jc L ig the spin and curity of thoe cun s state



TABLE 3.3

A  o———n i - - — o s

tp ‘o o cos(fsl-::‘o)
(..eV)

8.3 LebY .05 Uo7l

Gav Vel 1.37 SNV ITH
9.6 ve 2 1.20 .62
10. Ve 77 1.13 -Lebly
1u,0 0,68 1,28 -lUe 2

1i.5 .71 1.23 ~CeS5T
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Jr LS is the spin and parity of the final nucleus
S, 1s the spin of the neutron = §

‘pn is the angular momentum of the outgoing neutrons,

Since Jp = 0 and L +l, the allowed spins .f the

compound states are e

LA +
Je - g for the s wave contribution
and
L - |
Jo = § or 3/, for the p wave contriv.tion.

The Bpin 2™ can be eliminated since the «r,ular iistribution
of particles from the decay .f cuch a state 1g linited to a
P, term and hence would be isotropic. [herefore the two
states in the compound nucleus contributing to the reaction
have J¥ = i* and 3/2' e 3ince tie ratio of trhe uplitiudes
of the p wave to 8 wave neutrons coes not vary systematically
with energy it can be arguec that the two interforlng levels
are prodably close together, The level in Be7 at 7.9 i.ev

has been tentacively assigned J7 = 3/2' (Ha 63) and could

be the regative parlty state c..tributing ve the roaction,

~0 positive astates in 507 are known but iane (La 6U) predicts

the exlstence of such states, ue consliers tnedu to be single
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particle states produced by a particle in the z.i' 145,

or 163/2 shelles ocutside a L16

core, The energy of these
states 1s caloulated assusing that the binding energy of
these particles to the core s the same as in 613. 1.04y
1.87, 1.6 and « 1,92 MeV respectively. Since we are looking
for a positive parity state winich breaks up into Baé plus

& neutron we ¢an assume the core to bs the 506 nucleus,

The excitation energies of the states so predicted would

be 8,80, 9.61, 12,59 ¥eV with spins t+. 5/2*. 3/2+. We are
also leocking for a positive parity state with spin i+ which
decays by s wave ruutron emission and therefore this points
to the state . reiicted at 6,8 reV, 1t alsc satisfies the
requirezent of being rear to the nepative parity state
agsumed to be at H.9 revV, A slmilar argument can be spplled
to the 3/2' state, If it is plctured as a Beé core plus a
1p3/2 neutron, and assuming that the binding energy of a
P32 neutron is the same as in 613. .., 1.27 ¥eV, it would

have an excitation energy of 9.4 FeV, This compares favoure

ably with the energy of the Known 3/2- level at Y.9 leV,

b) Lxperiments above 19§ FeV

ihe appearance of tne first excited state of aaé at

the highest bombarding energy avallable from the tandem
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prompted the investigation of the Lié(p.n) reaction at the
much higher energles obtalrable u:ing the accelerators in

the coupled mode, I his move was immediately rewarded, Flgzure
(3.12) 18 the spectrum obtained at BUOusing a beam energy

of 15.v ieV and shows clearly the cround state of Beé
together with a sLlrurg broad neutron group which can be
ldentified with a state in 806 at 1.67 iieV, This excited
state c.uld be ide:;tified on every spectrum recorded and mean
values for its excitatlion and width cbtained from measurenents

at 14 different an,les with an incident energy of 15.u iev

are =

"+

r‘ = 1,18

0.(.15 ﬁiev

i+

Lot { FeV,

With a bombarding erergy of 10,55 #eV we found -vidence
for a second excited state in Beﬁ. Heveral specira taken
at this energy, in ,articular itiose f:r Suo, 600, luso and
13&:o showed bumps .. Lhe high excitation silde of trne 1,57 ..eV
group which cun be explained by the existuice of a stute at
about 3.. Hev, inls ctate Af it exists is much narrower
than the 1,67 re/ state., Figures (3.13) and (3.14) show

(+]
the spectra taken at 600 and 1US . ~lso shown 18 the
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Galculated four body bresk-up continuum. PFurther evidence
was found for a possible second excited state on the spectra
recorded for a bombarding energy of 18.U eV, At this
energy the 1,67 keV neutron group appeared broader than its
previously determined width of 1.2 1eV suggesting that there
was a contribution from a weak unresclved level at a
higher excitation,

We obtalned angular dlstributions for the ground state
neutrons at 15,0, 15,55 and 18,0 XeV, and these are shown
in Pigs. (3.15) to (3.17). At 15.0C HeV we also obtained
the angular distribution for the neutrons from the first
excited state of 806. and this is shown in Fig. (3.18). To
obtain these angular distributions, a four body Lreakeup
coutinuum, calculated as described ir the previous ssction,
was first subtracted, at these hl her erergles it was ot
found necessary tc include a three body component in urder
to fit the experlinental spectra. The solid lines in Pligs.
(3.15) to (3.18) are the result of fitting & serlies of
Legendre polynomials to the angular distributions, by the
method of least squares.

A state at 3.. FeV in 306 could be the lowest momber
of the 3 multiplet., The calculations of Inglis [In 53]
put this level at approximately 6 tieV excitation, but a

3

more recent calculation by Barier [Ba 66] predicts the “P

2
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level to be at 4.2 FeV in aeé. the position however varied
with the crolce of parameters used in the calculation and
because of insufficient data on the mass & nuclel, the
parameters could not be determined uniquely. If the above
laterpretation s correct then the spin of this state would

be 2+. As mentioned in the introduction hogers [..0 66,

found evidence for an excited staute at 3 i.eVv from the reaction

3 .6
st)Be , and a narruw state has been seen in Llé at

L16(ﬁo
an excitation of 3..u7 MeV above the lowest T = 1 state [Al 60 ).
Allen et, al. also reported a lovel in H06 at 3.4 eV,

The ground state angular distributions cbtained at
19,04 10.58% ard 16,0 heV are guite different from those
obtained at the lower energles. [nere 18 no longer a stroug
backward peak. Although they are more symmetric about 9u°
they are not so reazdily interpreted by compound nucleus
theory ss were the lower energy angular distributions. The
simplest series of Legendre polynomials which fitted the
experinental pointa, required large contributions frea all
polynocmials up to and i:cluding P5° The angular distribution
for the 1.67 reV state (Fig. 3.18) 1s complctely different
in shape from the ground state one. Ihe slmplest serles

of Legendre polynomials which fitted tals angular distribution

wag -
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§ (0) = (7.79 2 0.21) [P, + (0.7720.04)P, +(0.143%0,09) Pyl

Incident proton snergies of 15 MeV and above would
reach excitation energles in the compound nucleus system
above 20 MeV, and it 1s questionable whether it is valid to
talk in terms of a compound nucleus. wWe have therefore
atteanpted to interpret the data in terms of a direct reaction
theory. The direct interaction model we have used is cne
of inelastic scattering with charge exchange [see Chapter I,.
Caloculations were made on the Atlas computer using a D.W.B.A.
prograsae written by Lr. a.D, Hill, The initiel state was
taken to have spin 1+ and the configuration in LS coupling
of 1381. The ground state of Boé vae assumed to have spin
0' and the configuration 3150, while the 1,67 “eV state was
taken to heve spin 2° with the configuration 31u2. The
optical model parameters used in the calculations were Perey-
Buck parameters calculated for mass 6 nuclei, The results
of the calculatione are shown in Figs. (3.19) to {3.22).

In no cage is there any semblance of a fit. The calculations
predioct a beckward peak for both L = LU and 1L = 2 transfer,
and this is not observed experimentally. The theory predicts
oscillatory structure for L = 0 angular momentum transfer

and little structure for L = 2 transfer. Lxperimentally
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the ground state angular distributions exhibit oscillatory
bshaviour while the first excited state shows little
structure, but they both have the opposite phase to that
predicted, In view of this no definite coriclusions can be
drawn from these results abcut the spins of the 506 states,
All that can be said is that either the D,W.B.A., is not valid
for a target as light as Lié, or else the reaction mechanism
is not oune that can be describved as charge exchange lnelastio
scattering., A secund type of direct reaction mechanisam
which can be used to describe (p,n) reactions is a "knockwout"®
process, sowever, we have no prediotions from thls model

with which to compare cur experimental data.

Sumgary

This experiment has verifled the existence of an
excited state in 806 at an excitation of 1,67 I u.u5 reV
and its width has been found to be 1,18 I C.U7 KeV. ihis
gtate is only weakly cxclited by the Lxé(p,n)ﬂoé reaction for
bombarding energies below 1l #eV, but at 19 seV and above
it is excited more strongly than the ground state, There
is also evidence for a second excited state at an excitation
of about 3 LeV, If thi: state exists it is not as broad as

the 1.67 leV state and is only exclited with reasonable



o

strength at angles near 90°,

The angular distridbutions of the ground state neutrons
meagured for incident ensrgies below 1l FeV are indepeudent
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 MeV the reaction proceeds through two interfering

7 at about 1{ KeV excitation with spins of N

states in He
and 3/2-.
Por energles above 15 lFeV the angular distributions
cannot be interpreted sc siaply. 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 augular
distribution for the first excited state differs conslderably
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 meohanlism was oune of charge
exchange inelastlc scattering, but no agreement was found.
Cur results have also shown that the mé(p,n)se6

reaction has to compete strongly with multiple break-up
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reactions, A comparison between experizent and pure phase
space cslculations has shown that the most probable break

up reaction is

L16+p-)Heu+p+p+n {1)

Below 11 eV there is a small contribution from the resction

L16+p-0us*p+n (2)

but at 15 ..eV and azbove the break up appears to be entirely
via mode (1), st no enerygy was thsre evidence for dieproton

emission,
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‘here has recently been interest in the move Jf decay
of tre mass 9 nuclei, and in particular tne dec.y f the
2.43 heV level in Beg and of its analogue at 2.3L4 3e’v in B9
(41 66; Ch 66). The Guestion asked 1§ "to what exnuﬁ% is
tne configuration (la)u(lp)d-u an adequate descrijtion of
the low lying states of nuclei in the lp shell, xni are
mixtures of cther cunfigurations such as \ls)u(lp)“- {1f)
and (18)3(lp)n-u(2a} necessary Lo get a reallstic cuscription
of thege :tates”, (hell mouel culcalallons nave o i LPe
foruwed in terie of Un. vasic confi_uration (ls)u(lp)“-
[see for example La o6; Lo L5, anu these have nad curllersole
succeses in sre.icting level suicin s, spins, parities, 3
decay wmatrix elements, magnetic @ oucunts ana 1 vro.cition
r:tes for tune low lyling nuclear ctates in the 1. scil,
ihiz is iherefore a goou iralcabion nat i Lasic cunfigura-
tion ~ukes up tre bulk of uh wavefunctions. sowever lic

seacured quadrupole xom:onts ana L2 transition ratec ure

frejuurtly much lur er thon those ralleted oy e Snec onell
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Rodel wavefunctions implying that there is a sufficient
aixture of other gonfigurations to affect these nuclear
properties.

Such a situation occurs with the state in 309 at 2.43
HeV or with its analogue in B’ at 2.3L MeV. Its properties
are well described by the shell model, It is predicted to
lie at an excitation of 2.4 MeV, its Kl radiative width is
(0.12 X 0,02) eV compared to the calculated value of 0.06 eV,
and the log. ft value for the beta decay of Li? to the
2.43 HeV state of Bag 18 L.7 = 0,2 compared to the predicted
value of 5.0 (Wi 66). However its E2 transition rate to
the ground state is extremely atrong, thus implying that
configuration mixing is present. Energetically this state

can decay in the following ways,

309(2.10 KeV) = Bes(g.s.) +n = 2c +n 1)
- Bea(z*) +n - 20 +n 2)
- Hes + a - 20 +n 3)
-+ BeY(g.8.) + v 4)

Although it lies below the nominal eneryies of Baa(z*) L
and Hes + a, it can still decay via nodes 2) and 3) since

BeB(Z*) and He? are broad states, The gpin and parity of



309(2.u3) is 5/2' and so decay by mode 1) requires emission
of an .p = 3 neutron, Therefore by looking for the decay
of this state via mode 1), one can discover whether the wave
function of this state contains an admixture of the con-
figuration (ls)“(lp)“(lr) and if such an admixture is found
to exist, then a measurement of the branching ratio for
decay mode 1) will determine the amount of the admixture in
the wavefunction,

The neutron decay of the 2,43 MeV level in 809 to the
ground state of BoB has been observed by Chiristensen and
Cocke (Ch 66), while the proton decay of the mirror state
in B9 to the ground state of Be8 has been investigated by
Wilkinson, Sample and Alburger (Wi 66). Using the reaction
L17(H33.p)809 Christensen populated the low lying states in
Be? and then locked for neutrons from the decay of these
states. Thelr method was to look for coincidences between
protons and neutrons and to weasure the neutron erergles by
the asscclated particle tine of flight technique. By
setting windows on different parts of the proton s.ectrum
they were able to investigate the mode of decay ¢f the low
lying,neutron unbound states in 809. Thelr results showed
that the majority «f the decays <f the 2,43 MeV state were
via modes 2) and 3), but in addition (7.5 L 1.5) per cent of
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the decays were indeed by .p = 3 neutron emission to the
Boa ground state. This indicated an admixture of the
sonfiguration (1:)“(1plh(lt) in the wave funotion of (2,1 &
0.6) per cent. On the other hand Wilkinson in his study of
the mirror decay, populating B’ by the reaction BLV(He>,a)B’
falled to observe any proton decays from the 2,34 kKeV
level to the Bea ground state, He concluded therefore that
the 2,34 MeV state in 89 decays by less than uU,5 per cent
by this mode, which puts an upper limit on the perccentage
admixture of the configuration (ll)“(lp)“(lt) of v.55 per
cent,

A difficulty common to both these experiments is the

8

possible confueion of the real Be  ground state decays of the

5/2- state with tae ﬁea ground state decays of the nearby
broad 5/2* state at 3.,.] eV in 309 and 2,43 eV in B9. in
fact the mein mode of decay of the 5/2% state is by nucleon
decay tc¢ the Bee ground state. une wculd therefore like

a way of preferentially populating the 5/2- state, ouch a
mechanism is avallable in the case of Beg. {his is the beta
decay of L19 which populates cnlefly the ground state and
2.43 MeV state in Ba9 (A1 63). The broad even parity stute
at 3.C3 “eV will not be populated significantly in this way

since it would be a forbidden trarsition. o neutron time
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of flight experiment in which neutrons are looked for in
coincidense with beta particles could then be used to obssrve
the required decay mode free from contamination by the even
parity state, Also one would hope to be able to sort out
the ground state decays of the 2,43 MeV state from the
continuum of neutrons which will arise from decay modes 2)
and 3).

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/, state (Co 65; Er 64; Ba 66). It
is predicted as having the same log. ft value for populsation
by the L1? decay as the J¥ = 5/5  state. This state could
be responsidle for the observation of beta transitions to
the reglon above the /2 1level (Al 63). The 4~ level could
well be broad since it would be uble to decay to the ground
state of 3@3 by .p = 1 neutron emission and this could well
have inhibited its diszcovery especially with the proximity
of the broad 5/2% level. In addition the shell model
calculations of iramjian (Lr 64) and Barker (Za &6) predict
a level in the reglion of L.4 eV excitation with spin 3/2'
which should have a log. ft value for population by the
beta deeay of 117 comparable with tnat for the %/27 level.

A neutron time of flight experiment night also prove ugeful
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in detecting these higher states. Delayed neutrons have
been observed from L19 (Al 63; So 65) but they were not
studied by time of flight, and in neither case were precise
energy measurements possidle., Alburger used a plastic
scintillator to detect the neutrons and based his deductions
on the shape of the proton recoil spectrum, while Schineberg
used as a neutron detector a Ll‘ I erystal, which has only
modest energy discriminating properties. Both however did
observe neutrons which they attribute to the decay of the
2.43 MeV state in 809. In addition Alburger detected neutrons
up to a maximum energy of between 3 and 4.5 MeV.

In order to clarify the situation we have performed
the necessary time of flight experiment. L19 wag formed by
means of the reaction L17(t,p)L19. The formation of an
excited state in 809 by the beta decay of L19 was sligrnalled
by the detection of a beta particle and a neutron in
coincidence, The neutron enerzies were neasured by the
assoclated particle time of flight technique, the assocliated

particle in this instance belng the beta particle.

Experimental Procedure

L19 was produced by means of tie reaction Li7(t.p)L19.

A plece of L17 metal 2 oms, square and ..5 mm, thick was
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boabarded with 7 MeV tritons from the A.W.E.E, Aldermaston
Sandea aceelerator. A rotating shutter placed between the
@0celerator and the target allowed the target to be irradiated
for a period of approximately 1 sec., and thea interrupted
the beam for 1 sec. Thus during the “"beam on® periocd,

which is about six lifetiazes of L19 (té = 169 m sec.) ng

was produced and in the "beam off" period the aubsequent
decay of L19 was studied by locking for beta-neutron coinei-
dences. The highest energy beta particle expected from tne
decay of L19 is 13.5 FeV, and the beta detector was cliosen

80 a8 to be able tu stup the highest energy veta particle
from L19. The detector was therefore a block of plastic
scintillator NellU2, supplied by huclear :rnterprises Limited,
Edinburgh, 9 inches square and 3} inches thick, 1t was placed
# inoh from the target at an angle of 45° to the beam
direction [see Pig. U4.1]. +ith this arrangement the detector
subtended a solid angle at the target of approximately 2w,
Coupled to this scintillator by means of a light pipe was

a S6AVP photomultiplier wired so0 as tc glve a fast timing
pulse from its anode and a linear pulse from lts eleventh
dynode. The resistor chain used for this photomultiplier
was the same as that used for the XP luhv [rig 2.7,. <re

neutron detector was tne one descrived previously in Chapter 2,
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éxcept that pulse shape disorimination against gamma rays

was not used, The resson for this was that it was necessary
to operate the detector with a blas of below 100 keV in order
to detect eofficiently the neutrons from the decay of the
2.43 MeV State in 809. which should have an energy of 680 keV,
and with this low bias the F,5.D. 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 Anzhl
source, The gain of the detector's amplifier was then in-
creased still further by a factor of two in order to make
the blas as low as possible, without getting too far into
nolse, and to thus ensure that the efficiency of the detector
for neutrons between 0.5 ReV and 3 eV 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
assoclated 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 EHT
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. %0 the tubes off and on because of the relatively long
recovery time of the tubes (approx. 0.5 sec.). Nelther
could it be done by grounding the first dynode of the tube
during = the beam on period for the same reason. lt was
found out however that if the first and second dynodes were
shorted together during the beam on period, the gain of the
photomultipliers was redused to such an extent that as far
as the aubsaqudnt electronics was concerned the tube was
switched off. When the short circuit was broken the tubdes
reccvered within 1 usec. A microswitch counnected to the
drive motor of the rotating shutter operated relays which
made and droke the short circuit between the first and second
dynodes of the photomultipliers. Another microswitch also
operated a relay which switched on the recording equipment
during the beam off period., The beam interrupter was driven
by a 32 r.p.m. electric motor 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 Pig. (4.1). The beta detector and target was
enclosed in & light tight thin walled brase target ch .mber.
A quartz viewer could be placed in tne target position and

could be observed through a port-hcle in the slde of the
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target chamber, This port-hole was of course covered up
before the EHT of the beta counter's phototube was switched
on. The quartz viewer was used to make sure that the beam
from the accelerator was striking the centre of the target.
For this alignment check a 2 MeV proton beam was used and
80 the viewer could be observed directly, The angular
position of the neutron detector for this experiment is
irrelevant. Since we are only making measurexents during
the bearm off period there can be no angular correlation be-
tween the direction of emission of a neutron and the direction
of the incident bear, and any angular correlation that might
exist between the direction of emigsion of a beta partiocle
and that of the associated neutron is lost since we are
detecting betas emitted into a solid angle of 2%, For con-
venience tine neutron detector wag pluced so that it was in
line with the target and the centre of the beta ccunter,

The neutron energies were measured by their time of
flight using the associated partiocle technique, the assoclated
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 wag set on the Compton edge for tne U,51 FHeV
annihilation gamma rays. This reduced the number of pulses

caused by positron activity, induced in the target chiefly
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]
by the impurity reaction Ols(t.u)rla. In order that the

random coincidence rate was not excessive the beas from the
accelerator was limited to 10 n.a. PFlight paths for the
neutrons varying between 60 cms. and 116 cus. were used and
time of flight spectra were recorded at each flight path for
several hours. The time 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,
From the position of the gamma-gamma coincidence peak we
could alsv 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.) n.sec,

per metre,

Besults

Time of flight spectra recorded with flight paths of
80 cmsé. and 116 cms. are shown in Figs. (L4.2) and (Le3).
Clearly visible is an intense peak due to ypamma-gamma and
beta-gamma ccincidences., This peak conveniently fixes the
time zero for the spectra. 1so0 vigible is a shary neutron
group witﬁ an energy of 72U keV, a broad group or groups of

neutrons with enerzies between 1 iieV and 4 eV, and a
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distribution of low energy neutrons ranging from about

500 keV down to below 200 keV. The encrmous background
underneath the spectra arises solely from random coincidences
betweer the two detectors. The magnitude of this background
1s consistent with the counting rate in the two channels

and a resolving time of 25V n.sec. The resolving time of
250 n.sec. is set by the range of the time to pulse height
converter, The time sorter will only produce an output pulse
if 1t recelves a stop pulse within 250 n.sec, of receiving

a start pulse.

We can immediately identify the sharp neutron group at
720C keV with the neutrons from the decay of the 2,43 HeV
state of Be9 to the ground state of Blp which are estimated
to have an energy of 680 kcv. The continuum of neutrons
presumably arlises from the decay of Be9*to the broad flirst
excited state in Bee and also from the sequential decay mode
Bog*—)ﬁe“ + Hos -» Hoh + Heh + n.

Both spectra are consigtent with the existerce 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 rlg.
{(L.48) we show the result of subtractin, from the 116 cm,
spectrum an estimate of the random background and the low

energy neutron continuum. we also show in Pig. (L.48) a

BreiteWigner fit to the broad group for a neutron sroup with



Breit-Wigner fit subtracted
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&n energy of 1.5 MeV and a width of 1.0 MeV. This clearly
shows the existence of a higher energy neutron group. Pigure
(4.4D) shows the result of subtracting the Breit-Wigner fit
from Pig. (4.4a), 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 cm. spectrum is not inconsistent
with this interpretation. Assuming that these neutron groups

arise from the decay of excited states in 309

to the ground
state of Bos. the excitation energy of these states in 309
would be 3,35 % U.1. MeV and 4.6 & (.2 HMeV.

These delayed neutrons which we nave observed can
only have come from the decay of 809. They cannot be explained
as arleing from triton induced reactions oun pogsible im-
purities in the target such as 016. Nlu and Clz, nor can
they be explained as coming from other reactions iirluced by
tritons on L17. Most of the reactions energetically possible
form final nuclei which are stable agalnst beta decay, and

the few beta emitters which can be formed, other than L19,

such as Lie. Hoé and Fla all decay into nuclei which are
stable against neutron decay. L19 is the only one which
can be formed which beta decays irnto a neutron urstable 1inal
nucleus, In view of thls the only ocswlible scurce of the

neutrons which we nave obsgerved is frum the decay of excited



109

states in be’ populated by the beta decay of L19. A
neasurement of the lifetime of the beta emitter producing
sach of these groups would settle the matter but uafortunately

we were unable to make such a measurement.

Dlscussion

The results of this experiment clearly show that the
decay scheame of L19 is not as simple as that proposed by
Alburger (Al 63), namely that the beta decay is to the ground
state and to the 2.4) MeV state in 809. The existence of
decays to the state at 2,43 rieV is confirmed, but in asddition
the beta decay is found to populate higher excited states
of Beg. These astates are at excitations of 3,35 £ 0,10 MeV
and at 4.6 T 0.2 MeV, and have not previously been obscrved.
“he widths of these states are 1.0 ¥ 0,2 HeV and approximately
1 MeV respectively.

' The observation of neutrons from the ground state decays
of the 2.43 keV state is In agreement with the work of
Christengen and Cocke. we are huwever 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” zirnce such

a ueasurement requires the knowledge of the absolute

efficiencies of the neutron and bheta detectors, anrd also
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wWe do rot know what fraction of th. counts recurded by
the betis counter was due to beta particles frum Lig. in
particular those populating the 2,43 KeV level of Zeg.

vur results are in conflict wlth those of Lchdnevberg
(5¢ 65). e have found ground state decays from exclited
statee in 809 above 2,43 eV while Schéneberg found :i0 such
decays. It seems likely, thougr, that he could easily have
nissed detecting these rcutrong, He used a L16 1 erystal
to measure the energies .f his neutrons and cince cven a
monoenergetic neutron group does not produce a shary peak in
the spectrum from such a crystal, the spectrum of tw broad
neutron groups representing encr.les betweern ubout 1 FeV
and 4 : e’ would be spread uver wany chainels thus naxing
the observation of such states wbove tre bachk; rouw.. difficult.
in our spectra, beciuse of the reiution dbetwes:. ercr.y and
time cf fli,ht, these i.igher sner.y ncutrons ure coupressed
into a small region or the spectrum with the recult that
the intensity of thesc¢ ,roups relative tc the backgroun. is
enhanced., To et an idea of what would happen to our spectra
if they were recorded on a linear :cale compure rig s. (4.2)
and (L.3)e Althourn both spectra arc still on a tice scule
one cean see the effect «f sureading cut the bdroad rouus,

The longer flight path .sed to ubtain thne spectrum s .wwn
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in Pig. (4+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.
1f therefore the spectra had been recorded on a linear
scale, as in the case of the spectrum from a L16 1 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 2,43 MeV level into
Hou + Hoh + n., He was unable to see the decays of this
state to the ground state of Bea.

Our results do however confirm the suspicions of
Alburger who found inconclusive evidence for neutron decays
from states in 509 above 2,43 KeV, He did see neutrons with
energies up to between 3 and 4.5 i.eV, thnough the intensity
of these neutrons was much less than those from the decay
of the 2.43 MeV state. In the light of our present results
these observations can be understood. We have observed
neutrons with energies up to about 4 eV, 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, but it will
have a fairly well defined end point whish determines the
neutron energy. The neutrons from a broad state will also
pProduce a continuous proton recoil spectrum, but in this
case the end point will not be well defined. Also since the
neutrons from the broad states in 809 are more energetic
than those frcm the 2,43 MeV state their proton recoil
gpestrum will be spread over a much larger portion of the
entire speotrum thus making their observation even more
difficult. Alburger quotes a ratio of the intensity of these
hizher neutrons to that of the lower group of § to 1¢ per
cent, but he does not seem to have taken account of possible
decays into 2¢ + n, which for the 2.43 MeV state would pro-
duce a continuus with an end point of about 760 keV, and as
we have seen a large number of neutrons do arise from deecays
via this mode,

We can readily find ar explanation for the «xistence
of the two new stastes which we have oxcited from tae shell
model caloculations (Co 65; =Zr 64: Ba 66)., The state at
3.35 MeV could be the ¥ state predicted to lie in the regiow
of the state at ..,43 HeV, but whose actual vosition deiewnds
on the choice of parameters used in the calculation, (he

L6 MeV state can be identified as the J/2” state calculated
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to be at an excitation of about L.l4 MeV (Er 64; Ba 66).
Both states are strongly populated by the beta decay of
L19 in agreement with the ghell model predicticns and they
are both broad implying decay by ,0 = 1 neutron emission
(rather than p = 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
initilal populations f these states by the beta decay com-
pared tc that of the 2.43 MeV, 3/2° state. The 3~ state at
3.35 KeV can decay by .p = 1 neutron emigsion tv the ground
state of Bae. It can also decay to the broad first excited
state of Bos. but since the 3.35 heV state is 1.2 eV below
the nominal energy of 808(2*)+ n this mode of decay is much
less probable than the ground state decay. aArcther cccay
mode is by p = 2 alpha emission to Hos. But again this mode
of decay is likely to be inhibited. In fact the ratio of
the penetrability (defined in the ugual way as (% Gd)‘l
where P and G are the regular and irreguler Coulomb functions
(Bl 52)) of the d-wave alpha particle tc that of the p-wave
neutron emitted from the decay of the 3,35 nev state 1s

Uel3se The decay by p-wave ncutron euission tu the sround

gtate is therefore the most likely process .ind we can assune
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that tnis state decays by luu per cent via this mode., That
this i8 a reasonable assumption is shown by the work of
vrristensen and Cocke who found that the 5/2+ state in Be9

at 3.03 ileV, which can decay either by p = 2 neutron
enission to the Bea ground state or by p = 1 alpha emissiou
to Hos, does in fact decay luvu per cent by neutron emission,
+1.¢ observed number of decays from the 3.35 HeV state to

the ﬁeb ground state for ti¢ spectrum taken at 116 cms. is
190wu 2 2500, and assumirg that this state decays luu per cent
by this mode the initial population of this state by the beta

decay of Lig is

L
“7

where w 1s th= solid un;le subtended at the tar.et by the

(1.90 + 0.25) x 1.™ x

neutron detector, and ﬂz_ is the efficlcicy of tune neutron
detector., The bru.ching ritio for ground state decays for
the ..!:3 lev state is (7.5 ¥ 1.5) per cent (Ch 66), .he
number of such d2cays whicn we have observed is Ll3u I Lo,
~ssuming tne above br.achling ratio the initial po:uiation

of this state is

BL3C x4 o (5,51 5 1.7u) x 107 x ~HE

Cebl75 &:ij “7
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We thus see that the beta decay of L19 to the 3.35 eV

state of 809 accounts for a considerable fragction of the
total decays. '“ithin the limits of the above approximations,
the ratio of decays to the 3,35 MeV state to that to the
2.43 FeV state i8 1 : 3, From the spectrum measured with

a fli;ht path of 80 ocms. the correspondlng numbers for the

initial populations of the states are

(2,02 ¥ ¢.28) x 10“ x ned for the 3.35 r.eV state
w
1
and
(6,10 £ 1.80) x 10“ X nad for the 2,43 MeV state,

“7
again tre ratlo is 1 : 3.

From the measured width of the 3.35 iieV stale we can
calculate its reduced width which measuresS the fraction of
the wavefunction which can be represented as the ground state
of Boa plus an orbiling f = 1 peutron. The ruistion between

tne experimental width und the reduced width 1is

2 T hz 1l [_1
) e .

! =l ,ﬁz 2kt Pf al l =]

where P,_; is the penetrability of £ = 1 neutrons with
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Wave number k, R 18 the radius of tire nucleus and m is

the reduced mass. P 1s given by (Bl 52)

. (kz)?
£=1 1 + (kr)2

: 1%
Usliny the same values for R and —.2 8as Christensen and
: hdy

Cocke, i,e,,

B
o

4 = L35 fu and = 2,47 Kel

8
»N

and wlth our weasurce. value of the width of the 3.35 eV

sr.:te, [;1

1= 1.0 2 LU,2 we obtain for the reduced width

2
6

= . i . .
9 =1 Ue3l & U,eL7

Ve can apply the sace reasonirys to the =t te =t ).6 tev,
If we assume tr.at the spin of this state is 3/2- then it can
decay to the ground state of Bea by ‘p = 1 neutron emission
and =180 to the i'irst excited state of Bes by .p = 1 neutron
emigglon, “hir stmte ir near to the nominal ener:y of
Bea(z+) + n, which on an encrgy scale «itr the grounc state
of B09 as zero lies at an excit-tion of 4L4.57 eV, “The ..ccay
rate to the first state of Heﬁ is now likely to be cu -.urible

with that tc the ground state. ‘The L.6 reV st.te can alco
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decay by 2 . 0 alpha emission to Ho’

is likely to have an appreciable trangition rate. Since

and this process too

we 40 not know the branching ratlo we cannot calculate the
initiel population of the 4.6 MeV level. We can however
obtain an estimate of the lower limit of the initial population
of this state by assuming that the branching ratio to the
ground state of Boa is 100 per cent., Ihe numbdber of ground
state decays that we have observed is LOOO & 100U and so the
lower 1imit of the population of the L.6 MNeV state by the

9

beta decay of Li° is

(Coly £ 0.1) x 10% x —HE-
*7

If the branching ratio is B then the population becomes

ux

i~

x-}g-l-

The ratio of the beta decay probability to the L.6 eV state,

(Uelp + Uol) x LU

assumiig it has spin 3/2., to that to the 2.43 e’ state is
thus seen to be at least 7 per cent.

The estimates cf the above beta degay probatililtles are
of course made wit: the ussumntion that the neutron detector
efficlency is constant over the rarnge of neutron energles

congidered, :.e were unfortunately unable to calibrate the
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detector under ;he conditions in which it was used during
this experiment. But from a knowledge of the response of
organic scintillators to fast neutrons (Ba 61) and also of
previous calibrations of the detector with higher biases
[see Fig. (2.10) and also Mu 66, Pig. (2.10)], it is
reasonable to assume that the efficlency is constant to
within 10%Z for neutron energles between (.7 MeV and 3 iieV,
The decay scheme of L19 Fig. (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
state and 2.43 KeV state in Be9, we have seen that there 18
a strong branch to a state in Be’ at an excitation of 3.35
“weV and a weaker branch to a state at 4.6 FKeV., ..iburger does
however admit that a third beta branch to a state in Be9
above 2.43 MeV would not be inconsistent with his data but
ne was unable to give an estinate of the end point curergy
of such a branch., As we have geen, this third branch 1is
probably the one to the 3,35 MeV state. It 1s however un-
likely that ais experiment could have detected tiic weak
branch to the state at L.6 heV., Usling the log. It values
calculated by Barker (Ba 66) for the beta decay tu the e’
states /2, 5/2', 3 and 3/Z.T.Whioh we have taken to be
at excitations cf ..u, 2.43, 3.35 and L.o keV, ana usirng the

extended nomogram for log. ft values of verrall, ..urd, and
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Bell (Ve 66) we ouu caloulate the beta decay branching ratios
to these states expected from the siuple shell model. -e
caunot compare the experiwental branching ratios directly
with these calculated values since our experiment could not
deteet the ground state beta transitions. If we normalise
our results to the calculated branching ratio for the /27
state we can ccmpare the predicted values with the experi-
mental values for the three excited states. ‘he results of
these calculations are given in Table 4.1,

The value of 1.5 per cent for the L.6 HeV state is only
& lower limit on the branching ratio since nc¢ account has
been taken of decays cf this by modes ¢ther than neutron
enisalon to the ground state of Bea. However tre relative
branching ratiocs for the 2,43 and 3.35 eV states are in good
agreement with those calculated from thc simple chell wodel,
Lane pcint to notice about tine calculatlons 1s tiabt the
expected branchi.g, ratio for the beta decay tu the ground
glate is about 5. per cent whereas ..luucr er's estluate from
experiment of this bLrurching ratlo is osly (25 115) per cont,

she mirror decay to thie beta decay of Lig, that is
tne positron decay cf 39, has been studied by . =rdy et. al.
(Ha 658). In their experisent they looked for delayed
9

protons from C’, and found two proton grou.s whicn they
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interpreted as having ccme from the decay of a state in

9
B” at 12.05 HeV to the ground state and first excited state

of Boa. They found no proton groups which could have come
from low lying states in 39. We, on the other hL.nd, found
1o evidence for beta transitions from Lig to a state in 509
at 12 NeV, but this is not surprising. ZThe avallable cnergy
for such a transition is only 1.5 MeV, and even taking a
log. ft value as low as L.U we find that the expected

branching ratio is only a fraction of one per cent.
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The two mucleon transfer reaotion (He?,n) is an ideal
mechanisa for populating T w 3/2 states in 7; = =} nuoclei.
The resotion can produce a change of isospia of ¢ or 1 so vhat
Af o target with T4 = + } 1s used, states in the final nucleus
with T = § or 3/2 nay be excited. S3ince the resction may be
plotured as one Ain which two nucleons are dropped Intc uin le
particle orbits 1t is reascvnable to expest that stares in
the final nuoleus which have a siaple shell model configurstion
will be estrongly excited by such & resction, In particular
the state which is %he analogue of the ground state of the
Tz = % 3/2 wemver of the lsobaric gquartet is excectel to bve
preferentially excited., To anderstand this conslder the rew
actions (Ha’.n) and {(t,p) on the same target with 7, = + [,
fhe firgt resction will reach states with iy = -  and
the second cue gtates with Ty = + J/2,  in shell wodel
terus the (t,p) resctliou will populate the ground staive of
the ; = + 3/2 nucleus by adding two neutrons tu the luriet
nucleus in the lowest avallable orbits, 1ils state will have
T w /2., The &ﬁo’.n) reastion, belng tae wirror resciiun

will be expected $o populaie & slale which has the saue
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configuration as that state populated by the (t,p) reaction
€X0opt that two protons have been added instead of two
neutrons. This state will not be the ground state of the
Ty = - § nucleus but an excited state which is the analogue
of the ground state of the T, = J/2 nucleus, and as such
will have total isospin T = 3/2,

Another property of (He’,n) reactions wilch make them
ideel for exciting snalogue states is the large positive Q
value. Analogue states in general lie at a fairly high
excitetion, usually above $§ FeV and eo the positive { value

3

meang that these states are easily reached witn the He” ion
energles avallable from electrostatic generators,

The main interest 1in locating the higher 1sospin states
in light ruclel is to test the isobaric mass formula (w1 Ous;
Wi 84b). If the nuclear force is charge independent and
if the Coulomb force is trezted as a perturbation then to
first order tne ;asses within an isobario multiplet may be

expressed

M= a+bd Tz + ¢ 7T

where a, b and ¢ are constants fur a given multiplet. If
we know the masses of three of the menbers of a multiplet

we car use the formula to calculate the masses «f trc .tier
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members, und then coupare these calculated masses wit: the
experliectully uctermined vnes. For exaincle, denoting the

mass of a state by Jip 9 we have for T = 3/2
‘2

M - ! = ( N, = n )
Yy Ma My Yy, 33/, Beoy = 32 My

Usually, however, either t:.e ius: of cie of the 3/2ﬁi3/2
states 1s not known accurately, or elge tne locatiocu of tie
3/2M11/2 states has not been fournc. rour tils reason it is
d;sirable to L0cz.c these unalogue states,

We can make an estim.te of Lne position of tie analogue

states as follows, une excitation of such o« st.ute is .iven

by
0 = Ix - "‘: :
L{analogue) 3/2£_£ i-s

X5 - .
32+ &
If we assum the nuclear foree tLu be charge inde . uident,
thern tie differcrnce in .ass belween the states 3/2df3/2 and
i is Just the differunce i. Joulomb ernergy belweeu
32 +d s

the twe states [ lus the protou. . itrun .ass differcice,
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Hence the excitation of the analogue state is

E(analogue) = (3/2H+3/2 - iﬁ*i) + At.g/z + &{p,n)

where A 3 /2 is the Coulomb energy differvnce between
nuclei with T, components % and 3/2, and where §(p,n) is
the proton-neutron mass difference. 4 semiempirical formula
for Coulomb energy differences is given by Janeoke (Ja 60).
The nucleus we }ave chose: to study is 6133 and the
T = J/2 state which we are looking for is the analogue of
the ground state of P33. The excitation of the analogue
state calculated from the foriula above is 5,5 reV. The
nucleus C1°7 can be reached by the reaction Pn(ﬂej.n)Cl33
which has a ground state @ value of + 3,43 eV, A state
in C133 at 5.55 l.eV has previously been reported by Hardy
and Verrall (ha 65) and by roskanzer et, al. (ro 66). Thney
both studied tiis rucleus by cbserving the delayed protons
from tie beta decay of Ar33. From the superallowed nature
of the beta decay t. thig stute sardy cocscludes that this
state is trhe analogue of the ground state of Ar33 (or P33).
In addition, assuning that the spin Ar33 is ﬁ*. he
assigns to the 5.55 eV level spin and parity &+. tiardy

and Verrall alsc observed protons from o state i Cl33 at
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7.55 MeV to which they assigned to properties T = 3/2 and
J" = 3, egain 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

level structure in Cl33

should be the same as the level
structure in the T, = 32 nucleus P33. Shell model calcula-
tions by Glaudemans et. al., (Gl 64) have predicted that

the ground state spin of P33 is i+ and that there should be
excited states at 1.37, 2.50, 3.00, 3.08 and 3.48 eV with
spins /2%, 5/2%, 3/2+, 5/2% ana 37,7 respectively.
Hardy's assignment of T = 3/2, J" = §+ to a state in Cl33

at 7.55 eV, which would be the analogue of a state in P33
at 2,u leV, does not fit in with Glaudemans' predicted level
scheme. the energy level scheme of P33 has been deterwined
experimentally by Currie and fvans (Cu 67) by means of the
reaction SiBO(u,p)PBB. in addition to the ground state they
excited states at 1.43, 1.8l and 2,42 lieV, but made no spin
determinations. The positions of the 1.43 and 2.42 eV
levels is in good agreement with Glaudemans' predicted
gtates at 1.37 and 2.50 [.eVv. The 1.81 lMeV level does not

fit in with the calculations.
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33 in order

¥e have performed the reaction P31(Hej.n)01
to check the l1sospin aseignment of the 5,59 FeV state, to
measure its spin, and also to investigate higher analogue
states in 0133. From a wmeasurssent of the angular dlstri.
bution of the neutrons from the 5.55 FeV state we should be
able to make & spin and parity assignment, A state in 0133
at 5.55 MeV is in a reglon of excitation where the levsl
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 33‘3 and consequently would be expected to
be broad., liowever, as we have said before, analogue states
are expected to be preferentially excited by a (Hej,n) re-
action and should therefore stand out strongly above the
many T = } levels. Also because of the isospin conservation
law the proton decay of a T = J/2 state will be inhibited
with the result that the state will be narrow, These are
some of the properties by which analogue states can be
recognised. A further test wo.lld be by means of the reaction

332(d,n)0133. inis reaction will only populate states in

3

C133 with . = %, The appearunce of a state in the (he”,n)
reaction and its absence in the (d,n) reaction w.uld be a

further indication of a " = 3/2 assignment,
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The reaction Pn(ﬂoa.n)CI33 was performed at A.W...b.
Aldermaston using the 6 MeV Van de Graaff accelerator. This
machine 1s equipped with a pulsed source capabdble of produsing
pulses of charged particles of less than 2 ns. duration at
a8 repetition rate of 5 Me/sec. In addition the machine
possesses a gas stripper enabling doubly charged helium ions
't0 be accelerated to 10.5 KeV., For this experiment we used
3

a pulsed beam of doubly charged He” ions with an energy of
9.00 KoV, The mean current reacbing the target after pulsing
was about C.2 pa, Use was made of the Aldermaston time of
flight spectrometer, The detector, which was a cell 5" in
dianeter and 2" thick containing the liquid scintilistor
He213, was placed at the end of a collimator which was on
the symmetry axis of a large cylindrical tank of water [Pig.
S.1]« The completely shielded detector waes suspended on a
monorail which enabled it to move in a circular path round
the target with a radius of about 5 metres. In front of thise
tank was a seoond tank also filled wlth water through the
centre of which was an empty 5" dlzmeter pipe., .nls tank too

could be moved in a circle about the target. in ti.ls way

the dctector was well shizlded agalnet all neutrous except
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those arlsing from the target.

The atop pulse for the time sorter was derived from
& pick up aerisl through which the beam pessed., This aerial
which consists of & hollow cylinder placed just before the
Sarget,pioks up a signsl from the beam pulses as they pass
through, The signal sc 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/cmz onto & thick tantalum
backing. To avoid burning the target, the beam was made to
scan a small circle over the target, A small deposit of
carbon formed on the target during bombardment, A comparison
with the yleld from a 200 ug/cmz carbon target showed that
the carbon build up amcvunted to about 7 ua/cmz. The energy
loss of a 9 FeV E03 ion in this amount of carbon is :bout
3 keV. Due to the nature of the evaporation process the
target also contalined a small amount of oxygen as an impurity.
Keither tne oarbon rior tie oxygen impuritles interfered
witi: measurements on the analogue stale, and in fact they
provided very convenient culivration points for the spectra.
The time calibration for the spectr.i was also measured by

adding known lengths of delay cable into the stop channel
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and observing the siift of a given peak on the spectra,
‘The two calibrations agreed very well with each other, being
0.927 ns/channel.

Hesults and digoussion

Time of flight spectra of the reaction PJl(HoB.n)Cl33
taken at 5° and 20° with a flight path of L7u cas. are shown
in Figs., (5.2) and (5.3). HKeutron groups corresponding to
the ground state and excited states of 0133 at ¢.8, 2.1,
2,85y 4.0, 5.55, 5434 and 7.45 HeV have been identified from
the reaction kinematics, together with neutron groups corres-
ponding to the ground states of Ul“,and Ntla. fhe ground
state of Cl33 i8 not strongly excited at 5° since it s
populated by an L = 2 traneition, The wost prominent
feature of the spectra is the sharp neutron group correse

1y

ponding to the state in Cl33 at 5.55 HeV. \Using the U ~ and

Nola groups as calibration points, and allowing for the

50 keV energy loss cf H03 ions in the target, we find that
the mean excitation eunerygy of this state, cbtained from all
the spectra recorded, 18 5.55 - C..2 heV, (ne angular
distribution of this state was measured from 0° to 80° and
is shown in Flg. (5.4). Trie result is compared with sngular

distributions calculated using a version f the :cok and
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Mitra D,W.B.A, double stripping prograzme (Ro 64) written

by Br, M.J.L. Yates and arranged for the Atlas computer by
Dr. J.C. Hardy anda Dr, 1.5, Towner. Figure (5.4) shows

the result of caloculations for‘L = (0 and L = 2 angular
momentum transfer. The curve for L = O has been normalised
to fit the experimental angular distribution at the peak.

The experimental angular distribution clearly shows that

the 5.55 MeV state is excitod by an L = O transition. There-
fore since the spin of the ground state of PR 15 " the spin
of the 5.55 MeV state of Cl33 must also be §+.

Of the other states in 0133 excited by the reaction
P31(H03,n)0133 the cnes 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 (.22 and
7.45 MeV, and by tiardy and Verrall at 7.55 eV, 4As tnese
states were populated by allowed beta transition from ur33
which has the probable spin §+, their spins and parities
will be either £+ or 3/2+. In our (He3,n) work the ©.30 MeV
state could be identified at every angle at which spectra
were recorded, while the 7.45 ..eV state was seen only at Uo.
50. 10° and possibly at 15° and 202. Because of poor
statistics it was not possible tu obtaln angular distributions

for these states., Nevert!-less we can make some teatative
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8pin assignmerts to them, Since the 7.45 eV state is
visible only at the very forward angles this suggests that
it is being populated by an L = u transition. If this were
80 then its spin w.ulc be 3 . Hardy and Verrall assigned to
this state the spin i* and also the isospin T = 3/2, s
can be seen from rFig. (3.2) this state is sharp and so 18
not inconsistent with this isospin assignuent., As mentioned
in the Antroduction a T = 3/2 state at this excitatlon with
spin é* does not fit in with Glaudemans' predictious, but

it is possible t.at it 1 the analogue of the stute in P2
seen at 1,81 eV by Currie and ivans., Assuming the 7.45 ..eV
level to be a T = 32 state it would be the analogue qf a
state in P33 at 1.9 iiev,

We can identify the state at 6.,3. eV with the cune
observed by roskanzer et. al, at 5,22 heV, inisstate appesred
to be wore strongly excited at 20° and 30° than at 0° and 5°
(compare Pigs. (5.2) and (5.3)) and at 60° it was atill
excited with strength couparable witi. thiat at . vsing
this argumnent we can tentatively say that the state is
populated by an L = £ transition,. Jne ground stute and Z.85
feV state show a similar benaviour snd Luese wre xKnown to be
populated by L = 2 transitions since thney nave spins 3/2*

+
and /27  An L = 2 transition wo.ulc limit the spin .f the
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6.30 MeV state to 3/2* or i/2+. and since the state is also
Populated by an allowsd beta transition from Ar > its spin
1s further limited to 3/2*. ‘thers is no real evidence to
identify this state with a T = J/2 state except that it does
appear to be strongly excited for an L = 2 transition, Its
excitation (C.75 reV in $33) does not fit Glaudemams' pre-
dictions nor the experimental level structure of ?33.
levertheless we have stro:gz eviderce for the T = 3/2
nature of the 5.55 MeV state of 0133. Its excitation energy
agrees wel) with the value calculated assuming charge in-
dependence. It 1is strongly excited by the reaction PBI(HeB,n)
0133. Its spin of §+ is in full agreement with the value
predicted by Glaudemans' calculations, 4 further piece of
evidence ccmee from the resction sz(d.n)0133. Je performed
this experiment at Uxford with deuteron energies of 8 ieV
and 9 eV using the same experimental technique as
Hubarakmand (Fu 66) in his study of the low lying states of
0133. We were able to identify ctates in 0133 below 4 teV
by this reaction but trere was no strong neutron group visible
above the continuum of neutrons, wnich 1s due to unresolved
T = } states in C133. in the region of th.e spectra where
the 5.55 MeV state was expected to lie (see (Pig. 5.5)). The

noneappearance of the 5.55 deV state in the sz(d,n)6133
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reaction is further evidence for its T = /2 nature, To
all this evidcnce we can couple the observations of lardy
and Verrall and of Foskanger, who found superallowed beta
transitions tc this state from Ar’s.

In Table (5.1) we summarise the properties of the 0133
states at 5.55, 6.30 and 7.45 eV obtained from this work
and from the delayed proton experiments,

The first excited state in ij is predicted by
Ulaudemans to lie at an excitation of 1.37 HeV and is found
by Currie and .vans to Le at 1.43 HeV. In C133 the analogue
of this state ig therefore expected to be at an excliation
of 7.0 eV assuming that the 5,59 ..eV level is the analogue
of the P33 ground state, Unfortunately such a state if
excited by the (Haj.n) reactlon would lie in that region
of the spectra ococupled by the strong neutron group from the
ulé(HQB.n)Rela reaction., :iecause of this we are unable to

say anytning about the existence ci thls state except to

say that if 1t does exist it is not strongly exclited by the
3

(He“,n) reaction,

We are not able to test the isobaric mass formnula for
the ' = 3/2 quartet at mass 33 because the .uass of Ar33 is
not known acourately. The analogue state in 333 has been

found at 5,483 I . 15 reV by Dubois (Du 67) and so we are
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able to predict tue uass of Ar33. Using the mass formula

tiie predicted .ass e)cess of ﬁr33 18 - 9,427 eV,
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We have ghown in this thesis how the neutron "time of
flight® technique can be applied to a number of yroblems in
nuclear structure,., lieutron spectroscopy 1s not easy and at
present it is nct possible tv get the same accuracy as can
be achieved with charged particle spectroscopy. In view of
this cun it be saild that "time of flight" is & useful tool?
The answer to this question is “yes”.

«ulte often the wost straightforward way to reach a
particular nuclear state 18 via a reaction wi.ich invulves
the detection of neutrong, For examnple, we have neasured

33

the spin of the analogue stute in Cl by means of the reaction

PBI(He3n)6133. The nucleus 8133 can also be formed by the

reactions 532(d33,d)0133. SBz(u,t)CIBB. Sjs(ﬂe,t)€133 and

33

Cljs(p,t)01 which invclve only charged particles., However,

the first two reactions cannot exclite the analogue state
while the last two have large nogative | values, The analogue

state was first cbserved in the spectrum of delayed protons

from Ar33. but its spin could only be inferred from tiis
3

experinent, By mears of the (He”,n) reactlon we were xble

not only to confirm tre U = 3/2 nature of this state but
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al80 to weasure its spin. There is plenty of scope for
future work in the field of exciting analogue states by the
(Htjpn) reaction, Two possible reactions for future study
are Plg(aoa,n)Nuzl and H¢254303.n)5127.

As far as the determination of nuclear energy levels

3.:) are slallar,

is ouncerned the reactions (p,n) and (le
The « values are comparable, although always negative, so

that in gereral, Af one reaction is energetically possible
then 80 is the other, liowever, in terms of the interpretation
of experimental data such as angular distributions the (p,n)
reaction is the more straightforward, The same model may

be used to explain bDoth reactions, but since 503 nuclei and
tritons are composite particles they will have complicated
wavefunctions, thus making calculations for (ﬁeB.t) reactions
difficult unless approximations for the wave-functions are
ugsed, This difficulty does 5ot arise with protons and
neutrons as ingoing and outgoling particles. In soue iﬁﬂt&HOQS
the (303.t) reaction is the only alternative to0 reactions
involving neutrons for reaching a particular final nucleus.
Such is the case with 306 which e¢an only be formed by the

3 3

.6
reactions Lle(p,n)Beé. Hou(He .n)806 and L1 (He .t)ﬁeé.

This nuclsus was first investigated by means of the (p,n)

3

reaction and only receantly has the (lie”,t) reaction been used.
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The (p,n) reaction is a useful tool for exoiting isobaric
analogue stutes in nonemirror nuclel [An 62], The reaction
can be plotured as cne 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 cverall configuro-
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 isospin. The Q value for the reaction
to the analogue stste is precisely the Coulomb displasewcnt
energy between the initial and final nuclei, It has also
been found that the (p,n) resction will selectively populate
a state in the inal nucleus which has the sace angular
momentum configuration as the target, but which differs in
isospin by one unit, 5Such a state is known as a configuration
state,

The third experiment rejorted in thlis thesis is a
study of the delayed neutrons from Lig. By means of this
experiment we were able to locate states in Beg which,
although predicted by the shell model, had not been found
by reactions iuvclving ct.arged particles alone, e were also
adble to investigate the beta decay scheme of Li9. irstead
of looking for delayed neutrous we could have in principle
looked for delayed alpha particles, but as the flnal nucleus



Kcs is not a sharp state the observation of particle groups
aszcclated with states in 809 would have been extremely
difficult, The technique has previocusly been used to study
the delayed neutrons from W'/ [GL 63] and by means of it

8everal beta transitions to neutron unstable states in 017

were found,

The development of Van de Graaff accelerators with
pulsed scurces capable of producing pulsed beams with inten-
sities of several micro-amperes has overcome to some extent
two of the major drawbacks associated with time of flight
experiments compared to charged particle speotroscopy. These
dra~backs are the poorer energy resoclution 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 studyling states with negative § values oue can in
principle obtain very g.od energy resolution by using an
incident beas energy whichk is just above the threshold for
the state so that the neutrons leave the target with energles
much less than 1 Hev, liow that intense pulsed beams are
avallable uge can bve made of this effect tc resclve closely

spaced levels, The intensc 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-
8COpy since at the reaction threshold the outgoing charged
particles have in general insufficlent 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 l'eV or more. This wlll open up
further fields of study for neutron spectroscopy. Frubably
the type of reaction with the nost direct application in this
energy region will be the (p,n) reaction. 1t should be
possible to extend and improve on the work, initiated by the
Livermore group using a cyclotron, on the study of isobaric
analogue states and configuration states in nonemirror nuclei.
By extending the study to heavler nuclei one can .nvestigate
to what extent isobaric spin is a good quantum number for
heavy nuclei. OCne can also make preclise neasuremerts of
Coulomb displacement energies and investigate the variation
with atomic number., ihe field is wide open., "Time of flight"

is a challenging but rewarding occupation.
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APPENDIX

At the commencemert of this work neither of the (xford
accelerators had been calibrated. Since (p,n) threshold
energles are easy to measure and since several of these
thresholds are known accurately, they were used as calibration
points, The relation between the proton resonance frequency
in the magnetic fleld of the analysing magnet and the energy
of the particles transmitted Ly the magnet is given by

- E . 2 ZZ
El1e a2l = x VP £
(+] ﬂo

where £ = energy of the particles
my = rest mass of the particles
Z = charge of the particles

) = proton resonance frequency

K

= g constant,

The object of the callbration experiuents is to determine
the magnet constant K. bBriefly, this is done by fl:.ding the

value of )V corresponding to each of the (p,n) tinreshold



143

energies used,

For these experiments the counter ratio technigue
wae used (Ma 6C)., This required the use of two detectors;
One which is preferentially sensitive to the slow, threshold
neutrons, and one which is sensitive to neutrons of all
energles. The slow counter consisted of three BF4 counters,
7" long embedded in a disc of polythens 6" in diameter and
1" thick. The three counters were connected in parallel
to increase the efficlency of the detector., Because of the
small amount of moderator this detector 12 sensitive only
to threshold neutrone, i.e,, neutrons with energles of a
few tens of kilovolts, The other counter, the fast counter,
was made from one i3¥5 counter 18" long embedded in a
¢ylinder of paraffin wax 18" long end 8" in diameter, The
large amcunt of moderator makes this detector sencitlive to
neutrons of all energles. The two deteciors were arr.unged
in tandem with the slow counter rearer the target and spaced
gv that they subtended approximately the samne 80liu angle
at the target,

The method of Jdetermining the position of trne threshold
is to plot the ratio of the counts in tne slow counter to
t.e counts in the fast counter against the magnet ., ..

frequensy in the region of the threshold, ..t the tLireshold



there is a sudden increase in the number of slow neutrons
reaching the deteotors with the result that the ratio
increases sharply, This enables the threshold frequency to
be found very asourately. The reactions chosen for the

calibration experiments were as follows (Ha 66a)

deaction Threghold Euergy
L17(p.n)13e7 1.88086 £ 0,00013 FeV
F19(p,n)net? 42343 % 0,0008 MeV
m?(p,n)s4%7 5.7969 £ 0.0038 Hev
atot®,m)rt’ 14,5255 % G.005  MeV

For the latter reaction 016 ions with chrarge states
3" and L  were used enabling the magnet to be oalibrated for
equivalent proton energies of 25.627 L U.UU§ eV and
14.519 = U.0US eV respectively. Approximate values for
the magnet coustants nad previously been deter:ined by using
8.7304L reV alpha particles from a ThC' socurce., [he results
of the threshold neasuresents gave the following values for
the magnet constants for the two uxford accelerators :-

Ueill) x 10‘2
-2

t+

Tanden K= (2,270

Injector K = (8,984 « c.0U4) x 10

i~
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Fleure (A.l) shows the result of plotting the counter
ratio g ainst frequency for the A127(p,n) and the d(uls.n)
reactions, AL interesting {eature of the d(ols,n) reaction
18 that due to the l.urg e centre of nass velocity the
ti.reshold neutrons leave the tar_ et with a lab. energy of
nearly 1 sev., A8 & result of tiis the slow to fast ratic
suddenly decreasses at the threshold instead of ircreasing
as for the other reactions. irnis is due to an ircrease in
the number :f fast neutrons ratler than sglow cnes. 7 1ls also
shows that the slow ccunter is indeed ingensitive Lo fast

rieubtrung,
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