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. ohclls are of special -ntercst since thcir propcrties ‘can be undcrw

! bcmd a clo.,cd shcll of az. / s i

‘Iﬁﬁonucrlon B L

The nuclear force has proved to be so ccmplex that n: cxact-
deacriptiou of it yet exista ‘moTe than 60 yeara after it vas first
proposed. Our present understanding of nuclear proPerties has thus

evolved frcm,attempts to classify cxperimental information in terma“

of a simple model of the nucleuq.. The aitua;ion, however, is char-“w

;acterized by'“he cxistence of several nuclear’ EOdQla. each onk being

_cble to describe eithcr 2 ccrtain type of reaction ox. having itu o

V.,-

applicability to restricted grcups of nucleiu - ‘: '” '5

- : o

vh

Onc of the wmest succcssful nuclcar modcls,“the shell model

(Hayer 1948 1949 Haxel Jcnsen and Sucss 19&8 1949), has mﬁc with

r

considerablq nuccn*s in—accounting for thc properties of odd ncss

-~

sphcrical nuclef. Nuclei in the rcgions of aingly end! doubly clo cd’”" _

/ o
&

stood in terzs of a relatively simplc shell modcl. Includcd in this

b

category arc thc scricc of odd—cdd nuclei with 83 ncu:rcns, one

C

PR . P

Th. lcv lyino lavels of thase nnclci are ™ v%éctcd to‘arisc

o

frca thc 2d5‘,2 uﬂd 13712 proten configutations, and the 2E712

ucntroﬁ conﬁiguration caly, thug affording an excellent opportunity

to unply thc tcchniqucs of thy ﬂhell modcl. Thia reﬂion ig probably

“c:o of tnar_oat apprcpriatc of thc pcrio&ic tablc in unich to gyo=

I

'tc::tically ‘peudy resiénal noutren-protcn intcracticns. Unfortuhatcly,

ea account of tho difiicultias in studying nucici uith Qigh lovel

dc“ﬂizicz, the cznﬂri:zatﬂl inforzaticn wao very limitcd Hithin the

c .
-

PR TN

T




I/ t decade, however, the advent of fast computers and sophisticated

experimental techniques have enabled both theoretical and experimental

investigatiops.to extend to,a wider. range of nuclei, including odd-

odd nucléi

 The N=83 odd-odd- nuclei which include L34g, . 1361, 138,
‘142 146 148

Pm.- Eu and Tb differ by the successtve addi—
tion of two protons beyond the 2=50 closed shell. The extreme
membera of this series are perhaps the most difficult to study since

" they are too far from the region of stability to be reasonably access—

-

ible. The B and y ray decay of.the fission producr 8Xe has'been

the subject of acyeral inveécigations. In the most recent by Monnand
_et al. (1972)J10w‘apin gtates in 13809 wvere identificéd up to an ex-
b'citation of 2300 kev | ‘ : ) — ; e

. Invcatigations of the 8 decay of 14oBa to 140Lu, performed

By navaral groups (Geiger et al 1961, Agarunl ct al. 196& and

Y
Burde et al 1965) rcsultea in a- nuaber of apin-parity assignzcnts,

1&0

"as well as lifctima determinations. la and lazPr vere ertcnﬂively . "

studied by . Rorn e]: al. (1967 1968)- nnd Jurneyet al. (1970) by =eans

~

of high rcsolution (d,p) and (u.T) renctiona The spins paritics

' and,decay propertics of nany of the low lying levels were thug -

o . B . | . - Y

found.

'lﬁaFm, nont in thic series, has bccn‘the gubject of very ' R

1&6Pm(c.cr)l nd rcaction

1&8

.litﬁle study. Investigations of tho-
{Rooaon 1967, and Aryace al. 1971), aud the o decay of

(Toth ot al. 1964) indicate a § 1spin-pgrigy acsiggzanr for tha . f



gtohnd.state. ;The’level strycture of'laépm:was otherwvise completely

unknown. Neither 142Pr nor 14¢§ﬁ‘can be ‘gtudied by g8 decay because

their neighbouring isobara are stable. Lashly, 146E“ was-invéstigated

ks

following the decay 1465m by Antman et al. (1970) who identifieé\\

sevaral low spin states. '

Hany of ‘these experiments have allowed only specific nuclear

~

properties to be studied. While this can be an asset in understand—
§ ) .

\.

ing complicated nuclei, it ‘also gives an incomplete picture. The
. , .

present work was undertaken to provide additional experimental
Information necessary for the cvaluation of detailed theofetiﬁa}
studies of the odd-odd N=83 nuclel, and has utilizéd the techniques

_of‘both_patficie and yray apectfdscopy,' I .

\ Initially the Nd(d.a) Pr reaction was inveatigatcd

togetger‘with singles and coincidence yray studies of the

139 La(a,ny) Pr and 142 (p;x 42?: reactions to locate certain

low lying levels not observed by Kam et al. (1968) 'I'his vork,
 4n addition :o high.resolution (d,p) studics of Hunsein'(1973);_

enabled'théFst and 7 lévels to be identified. This uns-latér'
14

confired by the vork of Antol (1973) Subseqﬁhncly, o study of

lbéPm vas performcd and is dcscribcd in dctail in this thesis

1é4Pm bod not previously bqen

investigaéed,thc Hd(aﬂo d) Rm and 153Hd( QIAAPQ protcn :

Since tho level structure bf
tranofer reaceions ‘were carried out, as deseribed in chapter II, °
‘to qbtablich_thc cnergy levels, spectroscopic factorc‘and_pcssi%le

' cpiné ced paritica. Tha tosults of 1Pr(g,ny) Pn and



T »

l“nd(p,ny)l Po experd.n\.nts were essential in the cmtmctioa of

“the level sche:.:;e. The Y ray studies, which included high resolut:ion

singles and comcic/i\'ence experim.nts, are discussed in chapter III 2
In chapter IV the interpretation of the' experﬁ:&ntal data ‘..nd B

resulting level schene are discussed in the .1light of the shell model.

' The useful technipgues which exerged froa the data analys‘is are also -

described. S _— K ‘_ - .

- ) : . b -
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_ Chapter I - t o

Al

- TUCLEAR THEORY
1.1 The Shkell Hodel o

The oSt inportant tooi in ordering and relatiﬁg expericental
data ﬁ? nuclei and their reactioné has beeun the.;heli model. i The, -
codel is easily formﬁlated;.nuclecn; in a-nﬁéleﬁs nove indé;endently
of cach other in on averagé c":in,glual‘pm:t:icle poteutial.' It ts i
difficult to visuali~e and derive such a nodel fram firse principles,a
in vicu ‘oY the fact that the nuclcon—nUCIcon forcc has a short range
attractiv; cu:ponent (mlﬂ' cm), and S‘highly repulsive hard core.

. Cne would have ‘to -vtend the Ha:tree—Fock zethod of atomic phyaica

to thﬂ nﬂny body ptoblen, replacing the actual nuclecn—nucleon inter-
ceticn by za effective acgion.' Ihm more usual apptoach has B
" Becn to usc an cppropriate average fiel& to provide a‘cgmplete.éet\,
of cinulc particle unvefquticns For mathc:atical couvcnicncc, the
£icld vhich is gcnaxally cdopted corres pcngs to a thrce_dincnaiopal -
harcenie oseillator. The inclusion of o stroﬁg spiprbgbit term 1o
' fcqui?cdwto reproduce ghe cxperizental level ordering and the
“tagle mubers®, |
| rbrra Lclcns in its ground state. ode-can. 'pcct 2ll the

~

ezbitals of lczest cnorgy to be fillcd in accordance uith the

n

Ponll Eﬁclusian Erinciple, uaich allows cach single particlc ctate

to cratadn at hﬁst zuo uuclccnq Tea pri“ciplc aluo oupports. thn
3doa of using o ovors c ccatral pcgcﬁt*al be causc\nuclcons in



’

~

thu low 1ying states cannot be scattered into other states which are

. already occupied. Since the central potential does not combletely N
account for rhe forces between:the nucleons;'certain residual inter- |
actions are i;rroduced, the.most important being the pairing force

_uhich causeé.an even number of proﬁons {or neutrons)’to couple to-
give a ground stage with Zero total angular momentum. This is in -

agreensnt with known ground state spins of all even.even nuclei.’

-

In the extreme single particle shell nodel, tH— ground state -

%
spin, parity and electrbmagnetic mozents are a:tributed to the last
_unpaired nucleon in odd-A nuc&ei. ﬁhile this is found experimcn-'

:tally for nuclei near the "magic" shells, which constitute very s

/

stable sﬁhtems,or inert_corea, thereqare many excepcious for nuclei

. which are removed from them. A more realistiec shell model” treat-

~ e s

. ! ] -
went would-include the effects of severalnucleons beyond an inert

~<ore. . . T : - -

~ o

. To carry out guch a cdlculation; a residual tuo body - . . ‘ ~mf

interaction, v, sis introduccd to account for the interaction botuecen- ’

1]
the extra-core nucleons. The Ezmiltontnn E, for a syutc: of A

-
4

nucleoun, k of vhich are treated as cxtra~core or valencc nuclcons, ' s

-
-

o k
E“Ho"’i’ij 13'
PP _
';iwucrc the swimation extends over tﬁs valeace nuclecns only. Hy
io%cemprised of a simple harmnnic:osci}latorpotcntinl and o opin:
orbit'term, giuing rice ro-éigchfunctiona vhich cénntirutc a.
‘ccrplctc'oct of sinélc particle staten. Eacﬁtstaté id defined by

ito érincipal»quautuu'uuubcrfn, orbital ungu;ar,mémen;u; duantun



-

.- ': i . L ‘ /

nunber %, and total spin quantum number j.

Multiparticle antisymmetric waﬁefunction for the valence

)

tuclecns are determined from singlc particle uavefunctiong and cc:v -

priae che basgis for evaluating the matrix elements of the residual
interaction. It is ‘then possible to’ find the eigcn.values and wave=
function of the nuclear states By diagonalizing the Hamiltonian

matrix, A more detailed account of the shell model and shell rodel
——

: calculations can.be found 1n numerous articles (eg. de Shalit and

Talnt 1963, Mang and Wcidenmuller 1968). 3
. The Bhell model can also be generalized to 1nc1ude collec—

tive nuclear motion. In fac; thc shell model cmploye an averauc
.~
field in which the nucleoﬁb move and which ig gencrated collectivcly

by all the nucleons. In the usual shell models, this field is con-
5
'nidarcd a static quantity, but a more complete dcscription cust tako

into account variables in thc ficld associated with collective cotion.

+

Collcctivc models of the nucleus have bccn discusncd in nu:crgus

works (e g. Davidson 1968 Rowe 1970, Eiscnberg and Grcincr 1972).

For nuclei with few nucleons outuide clozsed dhcllo hcuﬂver, the

-

atntic shcll rodel 1o most. convenicnt. _ ‘o .

-

-

1.2 £e83 0dd-0dd uelel e

Ca the basis of tha shell codel thc low lyinu 1evcls of tha

:Lodd-odd F=83 ““Cl,; ﬂhould bc prlicahle in toros of intcraceions

<

botvccn the pratons outnidc tho 2=50 clesed shcllrpad the cingle

nautron outoide thc =82 closcd,sﬁcll. "hn progon orcits of interest,

Py




.
331[2:‘33 shown in Fig. 1.1, vhile the odd‘neutrén may be.ascribed £0 3<
the 2f7l2'orﬁit; Experimental support for these aésignmenté is ‘pro-
vided by the proton transfer studies of Wildenthal et al. (1971), and -
the neutton transfer work cited by Hccowan et al. (1969).
| /m is :hus reasonable to assuze that the loa lying levels of —_L{

'the odd-odd nuclei arise fra: COupling the 2f712 ueutron to the pro-

Doz,

tons in the 1g and 2d states.v,The latter are cchaniently
7/2 5/2
" described using the quasipaé:icle formalisn uhich 1ncorporates the
important ﬁairiﬁ@\correlations ancng these protons (Struble 1967).
In this picture, the coupling of the 2f7l2-neutron to thausingle

S 5/2

' 137/2 and_2d. quasiproton states glves,rise to fom:teen states of
“'the forn + S o | . iy

].m> = a, |24, 5/2 v?.f? 12,.m> + Bllnlg7 /2"2f7 o3I

" and . . - J . .6

IJ}p -, In2d; vt e + levlﬁuz“szz-*"‘”

'For J=0 and 7 the « amplitudeu are zero. Formzilﬁaticn and o:tho-

gonality conditicns require . - ;'"‘ .~ _ / .
T 2 i | : - .
S (“1"“31),(2"'32) o S K‘
and ‘ . . . T }
: ‘ ro L o . . C
a,a, + 8,8, = 0. : ‘ - )
1%2 7 B1F2 — - ~

The studies of Rern et al. (1967, 1968) cod Jurncy et al: (1970) have
' A}

deoonotrated- that cuch a model Eich a gccd description of shc low
.’lyinu levels of both céd-odd nnclci La and 142?: Speetroscopic:
T H“:‘“

fuctorg ond Y :ay branching xatic¢ for. thesc nuclei could be ‘repro-,

duccd ‘quite woll frem expirical valu;s of a cgd 8, . o : S



Fiz. 1.1 -

- Levels of the odd proton NnBZ‘nuclei The

-

sloping lines join the centroids of the 2d5/2, 137/2,

11/2, 3s 1/2 and‘2d3/2 orbita, as 1ndicatcd Data
takeh from Hildenthal et al. (1971) and Holm et al.
(1970) .

) .
L . ) -

2




i
- /~
o
N Moy Oy O ba - e
Wopg =0
m\u@_
numoo
m\_:.: .
m\_mm
0’1
[ .
.Hm.’
-« Q,N
=88

NOILVAIOND.

I

) ASM3INT

(ASy



Ay

'Chapter 11

1

T PROTON TRANSFER STUDIES :

2. 1 Direct Reaction- Theory

2.1a Stripping Reactioné"“‘ - S /

§
ture of both stable and unstable nuclei is the study of particle . . '>

. : One of the most valuable sourcea of information on the struc-

transfer reactions._ Such reactibns are couvgniently classified as‘
A direct, if the transition frc: the iuitial state to the final state «

A

procecds with uinimun reargangcnent of the nucleons in the target,
or.ccmpound; ifQ;hé'reaction'involves coﬁplicéted intercediato atates. s
3 . . ' ’ v

A judicious choice of reaction products and an underatanding -of the

P

keaction-mnchanism enuble spcéific nﬁclcar'p:opettico to be otudied

Thb*:ost atudied and best undetstood reactions of thia type

-arc the singlc nuclcon strippinu (and pickrup) rcactions in wﬁich
one nuclecn iu exchmmged betuheu a‘lignz projcctilo and a tnrgct
nuclens. Thc strippinv rcacticn transfers o singlc nucleon to o;a
of tho unfillcd states in the targ t nuclcng, wﬁcrcan the pick—up |
'rcactiun TCTOVeS a nu:leon froo coe of the eccupied acatcs. In the

si:yleut ease, whore a nuclcon (a L,j) ic transferred to . a targct

&

with spin J, to form 3 final acatc with cpia-Jy t&q ezperim;ntal _' .
aifferentisl cross ""cticn {l ixp c;n be grittcn oo the product
“ a‘j- j LT LI

2SR . +1) mm S .
(@;{gj‘ = S(a%3) nw = 21

10’ : l-—' -‘ 5 ) .'r'.



T . . i,

e 2

DWBA | . ‘ . L
vhere. (;n) is a theoretical cross section, calculated using the

Distorted Wave Borc Approximation (DWBA), discussed in section 2 lc.
N 18 2 normalization factor which depends on the tgpe of incident and
toutgoing particles involved., S(gxq), usually referred. to as_ the
spectroscopic factor, is a measugc of'thc-single'pérticle cocpqccnp

g
(nel) in the final nuclécr state. It will be convenienn ia the qub~
'scquent\;nalysis if relative spectroscopic factors are considered J
rather than absolute Spectroscopic factors. @ nupber of {(ng1)
vacaacies (or holes) in’ the target can thus be included in the calcu-

-lation’ of ({ - ) "
3 E'j - N .

. To extract information on the states of interest, a cozmparisen

ig made betwcen the Bhapes of the experimentally mcasured angular,dis-L

: ) r ° e
tributions and :hose-computed for different (nfj) trahafcra. The

shapes of the angular digtributions are characteriotic of ‘the £ valuc

<"

of ‘the tranaferred nucleon, the j depcndcncc being rclatively small.

. For a given atcte, tha completc (ntj) cpccificatione%a\dcduccd bya .®

. £
cc:bination of assumptions and dcductions bagcd on q;gencral auclear

nodel. The apcctroscopic ccrcngth, dcnoted by (2JE‘+ 1) S(nﬁj). can
thus be cxtracted using cquation 2 1. and cocpared with modcl cal-

il /r_____;r-:-————'——'____——'__——-ﬁ - 1
culdtions.z:- ol ‘ , - ' o

4

. An alternative :mthod of obtaining 2 vclucs, io to cc:paro
_two dircet reactions tbaq]:runsfcr tha ooz uinglc nuclecen bctwccn

- the ooma inteial and'fimllstams. Thc rcactions diffcr only in tho.
1d,ntity of thc cpcctctor nnclcons, Cue (aﬂu d) and (a,t) reactions,

vhich tromafer a protca to & given target. Tho ratio of thcxcrosn
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_sectiong for such reactions depends on the appropriate 2 and Q values

but, from equatioﬁ 2.1, 1s independent of the spectroscopic strength

and target spin. By comparing the eipgrinsntal ratio for a given

" level with those computed for different 2 values, one can infer the |

£ value of the transferred nucleon.
In cases where a state can be Eaﬁﬁlgted by core than oze.
(n23) transfer, the expericental cross section can be uritten as thc

oun of the crogs’ sections for the individual (nij) co*ponents.

sence ()7 - ()
A

' The cross section ratio, R, is thcn dependcnt on. the -spectro-

scopic factor for cach (nfj) traomafer, and is given by

‘ = . ae
ReH g S(n?.j) /u 4E s(nnj) ’
1 )(naj) x & (‘m)(nuj)

wvhere the primad quantities distingui sh the twvo rcactians considered.

2. lb §ppct£oacopic chtérﬂ'

The cpectroscopic factor S(nﬂj) dcpcnds on ‘the detailed
structure of targct and residual auclei. It i defincd ag the ovcr;
lap betuccn thc final nuclcar stute and tho 1nit1u1 nuclcar state,
coupled to that of the trannferrcd nuclcon, cnd sacisfyinﬂ anti—

oy:aatrisaticn requiremcnta, Spccttoscopic factorn cbey sun rulea

" vhich provide a pothod for cep;xa:ely studying the propcrtics‘of tho

tbrgoc cad rcsidual auclei. The general trcatmznt of i rules qnﬁ
-£%~ evaluatioa of upcc?rcscopic futthu kas beed discusscd in™”
acvara1~unrho (. g.rﬁcFarlzn czd ‘French 1960).




bt

In the cese of proten trensfer'to form 1&5 the spectre—
scopic fectare can be easily calculated if it is assumed thet the
luw lying levels. arisefrom the coupling of 2d 5/2 and Ig”2 proton
states tc a 2f7/2 neucron state, uhich is the ground state of

143, '
Nd, The final nuclear states have wavefunctions of the form

o3, = o, 285 RIS +‘BJBI“;37/2VZf742;JB’

B
‘and the :arget state is - = . .
| .'! = IVZf " =7/2)‘ . ) - - -
*JA 7/2° | RN L

/s

. . & T . n : . te :
WTreatgng 1 ZHd as an inert core-during the proton transfer, one

L}

obtains 2 R

so that ‘x psﬁnﬁjlé;ilifér a given finuifetntIW 3
Wy - Lo N

L=

. Zilc The ﬁistorted Wave Born Approximation (DHBA)
{:c

My

. DYBA 1e at precent, ‘onc of the most uidely uucd m_thods of -

jappt;oximation'in“thc enalysis ofﬁoingle nucleonrtrenefer reacticns;

JVIt has been the subjcct oE 3 itnd J3T studies (Sutchlet?lgﬁé, 1965}, 30
-,that only an outliue is given hqre. Since tha cunact dctaila)of the
interaction betweeq)thc colliding patticles require a ce:plete know—t

ladge of the nueleer force. certain epprowimations "uat bc nedc 1n j .

calculating rcaction croen oeetienu. - '

18

naﬁh/eoeu:cc that elagtic ccattering im the dezinsnt process

uhcn o nuclei collide, and that reactiuns cay be treeted usinu ahe

_;_:Dthodm of pﬂzturnaticn theory. Tho ele:tic eeactering, caueed bg

lonc remue CQulc:b force end thﬁ uhnrt "enuc eucleae EO’COf ia

=
P

e -

—
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approximatea by a phenomenologicol two body potential - the optical

potential. The parameters associated with the optical potentials are

chogen oo as-to sacisfy ezperimental data from elasric scattering

experiments, and in soma cases are further edjusted to reproduce the _1-

observed angular distribucions for states with well knoan properties.

The matrix element describing the transition, contains the elastic _

scattering wave functions (the distorted vaves in the approxination)

generated by the: optieal potentiala, and. an effecttve interaction
1reuponsib1e for the transition betwveen rhese elastic scattcring

Fa

states. The evaluation of the matrin elenent is greatly simplificd

-6

by the 1ntroduction of a zero-range approximation, which assumes that ‘

the outgoing particle 15 cuftted at the sam, point at uhich the
1neident particle-is absorbed. Calculations by Austern f196£) show
'thot the inclugsion of finito rangc offccta does not opprociobly
. :.changc the sHers of the co*putcd angular distributionu, althouﬂh
thetr magnitudoa arg codiffed, - S o

o N

chorol co"pu:or codes have been conotructcd to colculate

o

BA angular distribytiono oithout further npproximationo The one
uscd in the presont uork called DYYCK" , unﬁ written by ?.D. Tz -

at the Uhivercity o£ Colorodo, en§ uodified by J C. Tippett for the

xi {',‘

CDCG&OD'comnutor ot‘NeMustcr Univoraity. Uoing DUDCR it is gousible

to. include firot order offocto dua’ to o finite r:nge intcraction,

—_—

cnd also dna to tha: non-loeol oaeoro of t&e optical potonti&lo ;

:(Porcy cnd Buek 1962)

R ~Eﬁna.c=nlyocs hnvo beca c:oloycd eazonsively o inzerpret

- . - : -
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reaction data throughout the periodic table. In particular, properties

‘of the odd proton N=82 nucled have been extracted from the proton
tranafer work of Wildenthal et al, (1971) Nuzmerocus studies rf the
‘odd neutron nuclei in this mass. region have also been analyzed in “ .
k rterdé'of DWBA theory (McGowan et al. 1969). The calculated angular
distributions for the different (nzj) transfers expected 1n the

143 Nd( He,d) Pm reaction are shown in Fig 2. 1.

.'/-

2.2 Experimenﬁal Qutline - S ‘ ' -

2.2a° Thé FN Tandem«vahade Craaff Accelerator -
S ~—~ 14 |

The experimental inVEatigations of 4Pm,vcarri.ed out at the

McMagter Tandem wvan de Graaff'Laboratory, involved studies of the

143 lé& 1&3‘
‘

Nd(3ﬁe d) d( .t) lPr(u,ny) Pm. nnd} . ,

144 ngp’nYl Pm reactions._ As in nearly nllgatudies of this nature,

.r\'

v . ;
- a basie requircmant iz a- atable beam of particles, which is spatially

well definad. The produccion of such a beam, and a dE&E?TEEI‘i of
Bupporting equipm_nt are outlined in this cection. .

Tha main co“ponents of thn accelcrator cc:prisc tho ncgative
fon oource, bigh voltago oystcm and bean :ranaport systen (Fig. 2 2). B
A ncgntively charged ion besm 1o initially_produccd by o duoplaaga-
tron, or a radio frcqucncy Source. In“rhc formar, us ed in thc ére— | .
aent ﬁtudieo. a hot cathode (£4lcmont) generates thernionic electrans
uhich giva risc to & Arc dinchargn in t&c prccancc of o plasma: , 3
Es for o bcams, H for protea bca:n. and D for deutecron bezms. "ha

pesitive iond thus produccd, pads intb o gageous canal vhore ncgattvc

~ dcngo are formﬂd by thn proccan of eharge exc&nnue. (Thn direct

o



Flg. 2.1
DWBA deuteron angular distributions for £ = 0, 2, & R :
and 5 transfers in the 153Nd(3ﬂe,&)144h reaction. The
o'pt:lcai model parameters employed arc given in Table 2.2.
[ . N
*
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extraction of Pegative ions from the plasma would result in a beam

of very low intensity.) The negatively charged ions, ecerging from

~

the canal, pass through a magnetic field to remove unwanted ions, ~
before accelerating towards the high.voltaée terninal,located inside.’

a large tank containing.pressurized SFB gas fér electrical insulaticn.

The necessary focussing and qteering are provided by quadrupole wag-

" J

- nets ‘and electrostatic plates, The terminal can be naintained at a

'positive potential (< 9 MV) by means of a fast noving endlegs belt,

which effectively transports electrons frem the terninal to ground

~

potential .
3 : ?

In the cerminal the negattve ions are atripped of a nu:bcr
~ of electrons vhile pasaing through a thin (v20 ugmlcn )} carbon. fo1l.

After the beam becomes pqnitively charged it cxpericnces an additional

i

kr;acceleration auuy from the tcrminal. The total cnergy of the beam,_

cmsrging fron the tank is cssentially 1+ o)V elec:ron volts, uh_rc
: o ig the charge state of the mrging ion and V io the tcminal vol- ‘
tage. For light pnrticlca pll clcctrons can be rezoved fron the iom,
oo ﬁhat-une can prBducc proton and deuteron bemm cgergies < 18 Mev, .

"znd 3Hn and o bcan enctgics < 27 MoV,

Aftcr fu:ther focuuaing, the bcan iz defined by a set of .

-

r

object slita und analyaed by a 90° magnet uﬁich selects icas of the -
appropriate maﬂentun and\é;argc for tronsmission through a sct of
irage olits. An outozatic feedback coantrol mcchanica? wonitoring thmi‘
‘cmount of bem; ﬁittiﬂé those nlits,-scrves to ci&ﬁilizc“thc :ctmiﬁal
véltage. A-cwitching magnet thon dircces the becn to cac of the

~
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-

expericental areas where it is finai}y steered and focussed on to
the target. For the present 'studi-es, beza spot sizes were Irm in

diameter, and bezm stabilities were <3 keV over an extended period
("-u_70 Eours) . -, ‘

Il

-
~

Tbé availabiéﬁéxperizzntal fﬁcilitiés include: an_?ﬁfange"
beta ray spectromatcr for conversion e.'l:ectron studies H “ﬂomé“ for
wulti-detector gomma Tay angular correlation studies, zn Enge splii-—
pole .m9gnetic spectrograph, a ge.neral.purpose cattering checober;

and o Ge(Li) detcctor genicometer.

2. Zb T‘nc Enge Spectrograph

A schezatic diagram of the Enge .,pectrograph, e.—.ployed in the

3He ,d) and (a,t) investigations. is pre.,ented in Fig. 2.3. Thc

instru::ent has been described in detail by Spencar znd Enge (1966). . | -
The salient fcatutes of this device include Q large ...olid angle of
acceptance (ﬂ;_zmqtr) ’ secc:}:} .order focussipg over a large mementi .
range (p__ /p Poin X 2. 8), and the cbility to éczpenﬂatc for, kincmatie

i broadening ‘The high rcsolntion mhich can ‘be obtained was csscntial |

for “the precent studies.

_ , : .
\/Gharged part:icles, caitted from the target at a giw.:n cnglc,

S
ento.t the spectrograph ...nd are dcflccted by th.. mguatic £icld. 'Ihc :

gsubgequent path fonou"d by each particle dcpends on itu nasg (ﬂ),
charpe {q), ond energy (E}, as well ag tha mngnctic E:lald (B) _ Those
with the st::_ z::ignetic rigidity(m) are foc"'-ﬂcd to the cozz pesi—
‘ticn along the focal plczm mppropriatc for tﬁc reacti«m, azd aze

'datcctcd by moons of phctowmphic coulsiens (Kedak UID rhotcﬁngmic

[~
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- 3

-~ Fig. 2.3
"& .

Schematic diagrzm of the Enge split pole
magnetice specgrographu Several trajectories through
the field are shem for particle groups in the fecal

‘le{e.‘ ! ¥ z U : ' . :g

Lot
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e:ulsicns,Sﬁ 1@ thick were used throughout this work) placed aiong

the focal plaﬁe. After developmenf, the plates are scanned in i/&mm_ _

PR
~

strips with a specially constructed microscope. o

2.2c‘ Excization Energies and Cross Sections Y

EQ?'effectivc xa&ius-of curvature (p), describing the particle

trajectory, is related to the-plaie position (

by the expression

»

. 4" i i E
Pe sy ot

whefe the cocfficients fbf‘s <50 em have thﬂ valués: a0‘= 8. 92478 x

1 -1 . g =1
107 e, ql = -4.0732 x 10 s az = 3, 8920 x 10‘ .-, a3 = -0, 9143 x
10"6 2 and 3, = 9 8126 % 10‘8 "3.

The calibraticn was performed with a radioactive s burc%_qf a patiicleu
~ (ThC) with uell kpown energieo (Burka 19695 Measuréﬂanta of Q fdr
.different magnetic field atrengths mbaaured by a IR fluxmeter, -pers
‘nittcd_the ai coefficienta to be dctermincd.

-It is then possible to calcula:c,the éﬁcrgies of the various
~ particle groups observed in a given reaﬁti&n,-and‘hengp the cnergles
of the;atatcs in the residual aucled, Al spectrograph kinematics

*

enalyses cm@loyed tho apptopriaternlativisticexprcsoicnﬂ givcn by

-

Harien cnd Young (1968) For cach stato ene con algo dctermina the

rcacticn cross cectien, frem 2 knuulcdgc of the ‘pock 1ntenoities (nn}

Qo such approach ic to  czasure tho target thickness (M{A), the total‘

integratcd hﬂ:n,chmrgc (Q), aﬁﬁ the spﬂctrowragh solid angle (Aﬂn).
Thes B ia rclatcd to . th~ diffcrcnzial cress mcctioa,( )
30) Gﬁg) (H} ( ;ann whcro:o is ehe el?cgroaic_

Tt
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charge, K, ishAvogadroﬁsnumber, W is atumic‘wéight of target and 2 is

/

=D

the charge state of the incident particlcs. (The centre of nass

I .
e#btem of coordinates is considered tﬁther than the 1aboratory Bystem )
Perhaps the most difficult maasurcmcnt {nvolves "the target thickness.

In the course of an experirent che beam.may cause the target to

~ deteriorate sigrnificantly, so that the targec‘thictneﬁa changes duripg

. an exposure. Non—uniformities in the target further modify the

effective thickness.

* The method which vas adoPted in the present work required the
elastically scattered particles to be monitored during the experiment.
" The monitor spectta, which were obtaincd with a small Si(Li) surface

barrier_detector, were Btored in ainuclcar Data_llOD analyzex, and

typed out at the end of ecach cxgoaure.i The difﬁptenticl cross nccticﬁ

dnd peak intensity for'elaatic gcattering fron the-tﬁrgct nafcricl '
. ~ -

are also related by thc cxpressien

vp = (g'—) ( ) (IJl =2 (%) agg whcre the subscript E refers

v, M{

to the elastic scacterzng proccss._ Ccmbining.thia cxpresaion)w}th
that for thc reacticn proccss ono Bas : o ‘;
) = G, /(““) (E

(nR R AQR * | . |
which ic indcpendent of tha target tbickncss.\ The ciastic ceattoring
crond scetion can dbe dctcrmincd uith sufficicnc accuzacy £ra: B&BA
calculatioas nnd 15 csscntially the Euthcrford crons cction for angles
430° in aoth the (BHc d) znd (a, t) rcacticné

The c“trcctica of pcak ccntroidc an& aress wos facili:atcd by

the ceTpuLez progran S?nCTR‘(O‘Hcil 1970), vaica.fita all pcccu to a
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f _ standard shape. After subtracting a specificd b...:kgro:md the pro'vra: '

f performs a non-linear least squares fit, over the vpec-..nm, to a shcwcd

w gaussian function. 'I‘he funceion has tho fom h

109 = Txg) le o 0 & e BO=xp) (1—e‘51,(""‘o)2)]'- LT
: where x - plate position, | . !
‘. : .I(x) '= intéhsity at position X,
" 50,61 = gaussian width paranaters,r | . |
= j ‘ X.o" 4 " -gaussian peak md exponential pcf‘itionn, |
b 3 = constant -detemining the ezponential fall—ofr, L

and Yy = parr.m..ter defining the. c:mtribution of the exponantial ‘terms.

<
In each spectrun the pnak shope paxa:_:crs are deternined for ﬂever..l

wall reaolved \p_eaks. znd inte,tpolamd (cmttapolatc&) in 2 lincor foshion h

" for tﬁe Qemaining peaks. L. . P -
c2.2¢ 'I‘argct Prcgnration — o >

Tho ‘several tazgcts, u..ed in ::h.. proton trmfc: e::pericbnt.., :

[
)

‘ wvere mode frcm bozh naturnl c:z.d isotcpically cariched: cﬂ&cm of 5
neodyniun., The '.b:otopic cozpositions of tho tm-gat mterials, givan
:: in Tn.ble 2+1, are thonu ctated by the gupplier {(Cnicn Carbide Corpor- -a_. .
ution) Tna zost ccmrcnicnt mothod of prcp::zmticn W3S VACWID
S avapomticm ;f the mae 1:1 tho pz'wcmce of a rc&ucﬂng agent thnritm, _
: . & technigqus which hes pravcd wccmsful for mony rare. cartd cxides
. (He’:stgagz&_md ‘Bjdroholn 1965). ?hc w.ﬁ..mn'e (15 mgm Ld O 4 r;mgm Th}-‘
“ " was heated in a“teatalun crueible t:gr wozes of e ‘cleetzen gun, o

. preduco tho zreacticn,
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. . : , ) R !
_ Isrjtopis: Composfit:[.‘gﬁ (At 2')
Target . 142 143 144 "145 146 148" 150

¥ '+ 97.55 1.20 0.77 0.17 0.23 0.05 0.046
o ¥Re 0 20419106 4.43 0.39 1.50 0.14 0.09

444 Di60 0.57 97.51 0.68 0.47 0.10° 0.07°
7 -0 . ' .

Natural N8 27.11 12.17 23.85 8.30 17.22 5.73 '5.62 o
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11&203 3+ 2'1’h + 'I.'b20 —4 2na § S )

The Nd metal condensed onto comercial bacld.ngs (Y:Lssm Resenrch
Developm..nt Company) of carbon (30 ugmlm -and- 50 L@Im ) on nicro-
P *;acope sli,des, placed "u10 e abuve=the crucible. Sections of the

car‘bcm foil vere lat:er flnated off the sl:ldes in distillied mter,

}gf'aﬁa mounted ot aluminum target framas. Thc thickness of ea gh target .

" was eatimated using an u—scattering device const‘ructed by J.C. 'prett, '

and »wa;fty‘pitaii‘y—sa—m/cm . L .

’\:-i__"“" » ) e

" The ‘sEudy of odd-odd tiuclei ‘by protcm transfer reactions ¥
ncceaaitates targets of high chen;cal :md iaotopit purity, since the

typicnl cross scctions are d:aallcr than thooe for reactions on the

~

neighbouzing even—qven isotcpea, vhich usually const:ithte the m.ain )

Pt

- iaotopic murit:les. Furthcr, tha kincmatic shif/t mith cmgle ia P

o,

i.nsuffi:},.,nt to- distinguish temctimm cn aﬂjacent msn targcta with

A'\-143 " For ccmplcte idcntifitﬁtion of the reaction products, targets -

]
P

of differeqt isotopic ccnposicim ‘are rcquimd. Hence target., of
lazﬁd 'Hd and natural Wd bcm \alsoﬁpmpared. Thc cmouitim of
each targct wcd in tha pmment tmﬁ:, wao inveatigated by mosinu

38@ bm at a’

c:mlaions to recdrd the elast..c amtmring of a 2& mv
lgboratory anglc of .JJ" ’ﬂu mmat impuﬁtic.a mcludad carbcm,
o::ygcn, silicon and mll am'.mta (typically v<14.) of o heﬁvy ©ass

cntt, pm.n.,.:ﬁaly zhorim f:cm Jm xcductﬁm pmccss. :

i

2.3 F_‘m;earimmal Fﬂrmlts |

2.33 ‘Tha QB‘”dfiﬂc d) ctiam S ' s

‘a’ﬁm fmitial mﬂsmigntiam af aha mz’“’ﬂ(au, d)m%m emctﬂm, CL T
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was undartaken to establish the enecrgy Ieoeis of 18450, The higheat

available beam energy of 24 Mev was chosen to ensure that both ¢
incident and outgoing particles had energies well obove thelr respec—~e
”tive Coulomb barriers of 9 Mevﬁand *18 Hev. The raaction Q-value ' -
“was known to be -0 909(58) Mev from Maples et al. (1966), although -
modified to -D 830(40) HeV following the most recent atomir nass 'j f
evaluation (Gove and Wapstra 1972). The outgoing deuterons were _
detected by‘photographio,plates which vero co;ofed,with_aluminum foil

0.025" thick to brevent particles from other reoctions from roaching

the emulsion. _In porticular, ttitoo groups fromrthe coﬁxoo:i..ng~ - i X
?43Nd(3ﬁe,t)143Pm recaction have magnetic rigid;tigs which are com— . . !

parable to those of the deutérons.

Exposures were pade at 30° and 45°, where the (BHo,d) rcaotions '

" on carbon and oxygen cause no interference, and where DWBA oalcula-"
,tions préedicted maxima in the angular distributions for 222’ and 4
trannfero.' Both opectta exhibited sinilor foatutcs, the energy reso- -

Iution-boinn typically 17 keV. Tho 45° gpcctruu, showm in Eig. 2.4,‘

""s

wag! occunulatod in 8 hours‘with a bean curront of ~0.4 uA. The

pooitions of several pcaks indicated in tho figure,aro conointent |

with the ° Nd(aﬁw d)l&SPm reaction. An cnriched target of abﬁd was

used wnder identical conditivas to confirn the assignmau;. A subser, . e
quontroxpooure wich on-onrichcd 1é2ma-torgot rcveoiod additional .

irpurity ototoo fron the Qzud(sﬂo.d)laaPm rcaction. These oxpo ures -

143 145 B

ptovidoﬂ the level ochemes of* o and Po (hithorto not well

lmewn} cnd ore diccussed in Appendixn 1. o . .
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Fig. 2.4
Deuteron spectrum from the 143}!&(3}19 ,.d)]'MPm

rea&tion, { denotes peak from impurity reaction.’

- -
k3 T
P
¥
.
.
.
Es
= Al
. - &
o '
i ’
N
-~
. -
i - «
-
L=~
1S
N
, .
B
" o L
i
.
- .
T :
7 \
.

27




\ L (aom) .>wmmzm___ zo:_ﬁ._oxu,. :
— oo_m_ : . - . . oo_o_ . - ) omm . L 0 __
! : an,_ o T ;-
MJ 2 i .wnqr | LP __ @L WM ,ﬁ_\ _ ._#_ N “
L ] T | LiRRYITN
BV LTt Y L N A 1}

$Gp= 6@
AOW $2=3
wd_(POH_IPN

loo

o

0c0!

diLS WW G20 ¥3d SLNNOD



"_ be attributed to the Coulezb barrier which greatly inhibits the out— :

It is e%ident fron Fig. 2.4, that icproved energy resolution

weuld be very dedirable, especially for the nnltiplets at 70 keV and

14
%200 keV. Although the 3Nd(a t) Pm reaction, which has a large

inegative Q'yalue of —15:150(&0)H2V,wis capable of providing much bé;te:

energy resolution (~i0 kev), the cross sections were found to be too

hall to wvorrant further study at bean energiea of 24 MeV. This can

going tritcns.

2 3 (aﬁb d) Angular Distributicns

In order to obtain spectroscopic information cbout the states

™
in ;é&?n, particularly the low lying levels. deuteron angular-diatri—

b

buticns U“Ie mzasurcd for the 43Nd(3ﬁe d)laaPm teaction. Spect:a vere

rccotdcd at lab angles ranging“%ro: lhf to 60° wi:h a becn energy of
24 F~V Peak positions and intengities were extracted using SPECIR
cnd checked with hand calculaticnﬁ, to obtain the differcatial crogs.

sectinns in thu mommer already outlined in section 2.2c. The solid

1

zagle, subtcndcd by the moaitor cuunter at 30%, wao sufficicntly snall
Sy

(3.31 x 10 -2 ootr) that the clestie pesk arcas did not require cor-

rccticn for zmalyzer dead timo. Thn pbak arecs were, howcver, corrccced

L] \
for the prcgcnce of thorium cnd the isotopic impuritiea sinca the won-

" dzor resolutica was not sufficicnt zo distinguish thedr clastic pocks.y

Tha chserved angular distributiong were cc*natcd uith thosc
cheatned frcm TIBA calculatic*" vaing THUCK. The cppropriate optical
msﬂal 9a:~_~ucrs. liuth in ?ublc 2.2, arc -zaken frem thﬂ worl: of -

Ichic“t"u et al. (1469) who mcavuxci :ngular distributieas in th_

A




29

. u . . Y @ .

uw_ : +pokogdso suA 3Fo-INd. [UFPUX ol

. c : | ‘0LL'0 = ao3owaacd UOFIVNDIA00 omcdv Ouua«m

.o4w.au=qau ‘-

m\a<nou gnypua ‘0a0yas poyIoyd Apoaoziun © 03

N 1

onp fUIIualcd 9yl p3 spuodsoixod 3°n ...n\ﬁm\u<.ow - 1) = 2 pue wxmm\ﬁ4ou -~ 1) = X

‘ Xp @ - T ‘ STTRPE I T
n ! : 9) +— T} A : . (t] a1 a (2
ozoya ' (T + e {0 F .u&. ) ._J, [T F 00 % (" a = (A0
- - N IR A8a0ud
o Lo , o . o uoyauindos
, r _ , , , . oonpoadoa
£8°0 o¢ 0 O o o0 §9'0 0z'Tt 02°T = 03 paaenipv
v$'0 of_/ gel'0 62°T 0°T9 0  [s8°0 8071 0T Y°10L-
, . . o S
52°0 0 08'0 %5'T 0 0°91T- OL'0 .HT:T  O0Y'T 0°L1~ He
1030Wuivg UOTIDVI10D uMuuam » (w3) ‘AMmV A>Mxv ﬁbmzu (u3) AMmV Mme (AsH) L
Tud0T-UoN m> o ,® , 1 i1} 3 L1} 3 I - A oroy3ang

b

03321 " (p*oH: oyl 103 0103cHBIO IOPO va12d0
uopiouvyg Emcqﬂnn mvaZmQﬁ ﬁ 3 d IOPOH TU2F3dD
- (o]

7'C o148l



P

£a

__")1'

GBHe,d)'feaEtions onf;QOCe andhlazgd art-a’'bean energy of 27.3 a2V,
Since several levels were not adequately resoLved,\angulaf
distributions are given in Fig. 2.5;§or éfoups of levels, ag‘well:as
individual-;éﬁgls. The ideutificatio; of the contriyufing £‘§alues,
hnd determinagion'of the relative inténsigies sﬁ;uld be st;aightfor—

ward because of the characteristic shape differences of the g£=2.and

Cgeh stripping_patterns waeve&' the 1dehtification is cemplica:ed ‘

by ‘the fact that the predicted oingle particle cross/séétionu for

N\

f=2 are typically -9 times those for %=4. Hence for nixed £=2 and 4

transfers, even a small g2 admixture would dcminate the angular

1

distribution. This i3 evident from the figure, where states fru:

172 keV to 280 keV are best‘fittedyby'a 40Z =2 conpopcnt and 2

'602 En& component ‘but the anguihr distribution has esgea-

:1ally the same ghape as :hat for thc ground astate which is con-

siotent with pure g=2, Angulax distribunions, fitted by mixed 2=2

ond 4 transferg,_c/ild probably be fittcd equally well with pure £ﬂ2

trenofers, calculated with a slightly different choice of optical

wodel paramutcra. o - \ ' %
\
Since the angular distributions for tho lcu lying 5/2 and

143 145

7/2'+ states in Pa and P ghould be populatcd by puze 222 znd

4 transfers rcspcctively, onc opproach would imvolve cn accurate -

a

teaouremont of the crosg seetiong ond nngularwaiatrihuticau of these

atatco, at the sasn bcam cncrgy, which could, Ee uscdpr)_tccd of thaue

‘calculated from DUBA thhory. The suapcz of the cngulor dintributicas

could alsco bc 1ntcrpolatcd (axtrapolatcﬂ) tocmca;ntfor the Q valLa

N -
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dependence. Such an approach would §euvery time consuning and, would

nininise only some of the problems . , - - ' <.
In the case of the higher excited states of AAPm, (aﬂe,d)_

angular distributions werg measured for multiplgts of levelé.{ At

" forward anglgg (<20°), however, theirrsmall crosg sections could not

be reliably-ektracgé& from troublesome backg?ound The angular diﬁ? .

‘tributions at larger angles indicated the presence of £ values other
than 2 and k The" most satisfactory approach ébw tudy the observed - oo
states in IAAPm was' found from a cocbined study ;2 the - 3Nd(3He d) Pm \\

143Nd(u t) Pm reactions, discussed in the fo{lawing aections

1A3Nd(u t)lAAPm Reaction o
Althnugh.the 143 Nd(u,t) Pu recaction was not feasible at a

2.3C‘ The

‘\,
beam en§fgy of 24 H.V, subsequent nodifications to the accclcrator

(inatallation of a more poucrful belt drive-notor and on increase in

3?6 prcsvure} enabled ternminal voltages up to o MV tOrpe attained.

- It was felt that thz reac:iun cross scction would be aignificantly

grcatcr.at 27 MaV since the outgning tritons’ wvould have cnergics in
excess of the COulcmb barrier. Thus, exposures vere made at spec-
trograph angles of 30° and 50° Tao pho:ographic cmulsions were
covered with 0. 604" alunimm foil vhich ?:ggpcd thc clautically
'ocattercd a particles. Abezn curremt of ~1.5 ph wvas maintoined for
coze than 13 houxs 0, givu the 50° spcctrmn- shown in Fiﬂ. 2.6,

“h: ceeh iz?rovcd cocrgy zc,olution {~10 knv FRED zcvcalcd
) otatca in bo:h.gxpo,urcd vatch wore provicusly unrc,olvcd in tho

. } Id(sﬂa,d) P xcacticn. By c= ”Pcuin” torgets of naturul rd, and -
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. . N
Fig. 2.6 . ”
€ Triten and deutégon spectra froo the (u,ﬁ) and (3Ee,d)

reactions are showm for comparisonm,
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eariched Y%Nd and 144Nd, 1¢ vas confirmad thaE:théy corresponded to.

levels in 1aaPm.' Due to the .gmall reaction cross section (B t) angular
distributions Wwere not- maasured. -Furtherrore,since the angular distri-

‘butions are expected to be very sinilar in absolute magnitudc and shape

for many different & values, they would mot prove very fruitful. In . .
Table 2.3 the (a,t) croés sections Are‘cezpared with the (3He d) cross
sections, wvhich were also measured at 27 MeV. Tbe (aﬁa d) energieo
représent the average values. from the . four begt" resoluticn exposures
at 24 and 27 MeV, while tbe {a,t) energies are taken freo é;c of the‘
27 MeV*”exposures with good statistics. The quoted errofs.'ﬁhich are
gopewhat gfeatef ;Ran thbse-preﬁféted by SPECIR, aééo;nt fof\posdible :
nynﬁém;tic errors‘}m1/2 scﬁn),'ariaiﬁg.in the pfate scanning, and pro-
duce con;isteglf amﬁné'the cﬁergiea fron §1fferent'e£poéuxes. Al-
;ihough ghe error dﬂﬁ,to thé spectrograph calibration unz not included

the level energies given im Tablg 2.3 ake in good ogreczant vith

those deduced from tho y ray,g:uaics‘aescxised fn Chapter III.

Ty
I

g 2.34 (;He d;/(q,t) Crosa Scction Eatios

For cach z trensfer, the (3E~ d)l(u.t) cress ccc:icn ratio

" depends on the rcucticn Q value for a givcn choico of beozn cncrgics

and zngles. Sinec thic ratio cﬁnuld Bo prcdictcd by“ JBA thcory, thc
€3He »d) und (a,t} créas cections for diffcrcnt 2 valucs wore calcu--

‘lated for o corico of Q values in thz yeoage of inzcrcqt.k Althcugh

¥

5 . .
» ’ - a

% An clostic o “paeurc taken at thc cnd of t&a (a,t) TTRS gRoUS od that

¥
~ - a . — S - - ~ .

tho bean czormy wagd actually 37 13 st .

»
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Toble 2.3
Energies and cross sections for levels observed in’ the

laaﬂd(aﬁa,d) Pn and 143Nd(a t) Pm reactions .

S

Excitation Energy (keV) . piffereatial Cross Section (ub/str)

, (Hejd) S {a,t) .
(PHe,d) - (a,8) 8 = 42.5° Lamo°,
o - o - 150(9) - "-2602)
e {_60(2) © esaoy . - . 4BW
S 67¢2> . . . 18(4)
B1(4) - 84(3) 50(7) o sae)
172¢2) - 172Q1) - 118(6) S s20Q)
191(5) - 195(1) 25 .11
206(3) - 209¢1) - 29(8) . 1s(®
T o235(3) 233 30( 12Q1) .
253(4) - 252(2) @) . | 2.5(4) -
280¢3)  280Q1) - 2 . 65
- 364¢3) 364(1) - nQ . 2.6
516¢3) . SI3(D) 14(2) o 5.4 |
- 845(3) - 841Q1) oo%0 3O -
g78(3) - 87 o 7@ RO ﬁ
898(3) . 896Q1) 41(6) 16
949(3) - -947(2) 1E SR Te) B
982(3)  974(3) 5103) . 1.3(6)
Jj026) 0 0210 . AW = 1001)
1085(3) - 1080(L) 561(60) SRR 1¢ o I
o nwm - 100)
1128(3) - 127(1) - 75¢10) .. 15(1)
1184(2) 1186(1) - - 296(30) 1141
f 1217(&)\\§ 1216Q1) -29(7) 13(1)

12988 L 1235 T S B 1(

e R
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Table 2.3 (contiﬁue&) )
Excitation Energy (keV) Differenéia} Cross Secticn-(ublsﬁr)

) : S CHed) C(a,t)
(3He,d) (a,t) e = 42.5° . e, = 50.0°
LI . 293Q5) 1
1428(3) ST sy :
1451(6) o 40(20) Cross sgctions not
1671(6) ‘ _ 26(20) .. " . extracted due to high
1502(2) S T 99(8) ' background.’
1543(6) ~ o 6(2) -
1609(3) LT L8
1645(3) -, 1e73m)

Statistical errors onlg are quoted for 5he_differential.cross scctions.

Systematiq errors,iestimated to be , 102, ore thus not included.

4
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the parametere of Ishimatsu et al (1969) are suitable for the ( He d) .
reaction, the choice of (u,t) parameters is 1ess obvious, due to the
1ack of appropriate experimental data. Calculations were performed
using combinations of o paraméeters from McFadden and Satchler (1966),
and Lu and Alford (1971), together with triton parameters from
Hafele et al. (1967), Flynn et al. (1969), and Lu and Alford (1971)
The computed cross sections ‘shoved considereble variations for different 7
sets of parameters, the absolute magnitndes differing by wore than a .
factor of 2. -

.To overcome this difficulty, the ratios of the { Ee,d) and
(a,t) cross sections were measured experimentally for the 5/2 and

7/2 1ow lying levels in I&BPm and 1&5 Pn. ‘in laBPm these states con- h

~

toin esseantially all the 2:.‘.5/2 and. 13?{2 ptoton transfer otrengch

(Hildenthal 1971) It is asoun,d that the 5/2 ground otate and 7}2
£irst excited state at 61 keV in 1&5Pm are also populated by ull thc N

rl—.
available Zd 5/2 and 137/2 atrength. (Froo ﬁppcn&i» 1 the othor otaten
which.nre otrongly populated in 1A5Pm occur at excitatIOns 5700 keV.)

Enriched targets of ZNd and Hd were exposed ‘under tho game experiv
T LY S

nentnl conditione eoployed fo e proton trannfer rcactions to Po.
In thid ways the cross segtions wured for different renctiono are

#
pclf~consistent, although oubjcct ‘to an aboolute unccrtainty uhich is

ostimnﬁed to be approximately_&ozx The cross cection ratios are
ohevn ia TFig. 2.7. The stotes im laé?m up to. 514 keV are includcd

oinco#thny ara ccnvcniently enclesed by the 65,2 and 37,2_qonfrgura-
tica in I&SPD ond 1&5?mr Y1t 1o cvident that upsé_of the stotes’ in

18451 are populated by pized £ values..
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ot

~
Fig. 2.7

( He d)/(u t) cross section ratios for states in aﬁ?n
plotted as a function of ( He d) Q value.“ The X's and O's
- indicate the 5/2 ground state and 7/2'+ first excited states -
of 143?m and last respectively._ Lines have been drawn to
approximate the dependence for pure 2 transfexs. Tha error bars

l

;:i?ote statistical errors.only. The rpins of the 1evels.

-5

educed from the y ray work of Chapter IIL, arg also given.

oy
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2.3c Extraction of Spectroscopic Factors -

In section 2.1 the differential cross section for a stripping’

v

reaétion, involving several & transfers, is given by
. ) — . ‘ . .,3 :
do¥P g (dYTP TN @) g MMA
da a . (02d),
i (m23) (23, +1) 1. ( 23y -

' ' FAN
Assuzing that the low lying levels of ];'MP:! arise fron only th\g Zd

- znd lg7 /2 proton cdnfiguraticn znd the 2f7 /2 neutron coufiguratiom,

then this expression becczes

[

i |2 (e 2 fagy ot
a + B - 2.2
—2— | Nanl,,. T3 \ady
| 572 7/2 -
vhere o> 2 © &1 frem norcalization requirezents. For the.
245, 7 Plagyy / ' -
-+ e 143 - 145

SIZ and 7/2° states in Po ond Po one assumes

wnean -

( 72 811(&) -1l : "’r
/ | : |

137i2

3

If the rcactioa parczoters, such o3 besa’ energy and lnboratory anglc,

arc the some ‘for the reacticm to 163?:1, 1“?:: zmd 145 Px, the DYBA cress

j sectionb axe acpendcnf ca t’b.e reaction Q*valuc only. Over a relatively

.6.

'.....all mn‘,e of Q valucs ('\-1 ¥aV) DWBA &alculations indicate that the

functicanl form of the da.pcndﬂ.ncc is appro::imtely cxponcn:ial co that

¥

(q) = ol ﬂjq+bhzj) , whore 2 oy d;bﬁnj are con-

|
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gtants ovéf the Q value range} For the laaﬂd(BHegd)léaPm reaction

equation 2.2 becomes

exp (a Q+d )
(g_a_) - (23g+1) El_ W2 o gy

, 5/2
daq Y 6 2&5/2
1.2 (8yg Q. n
i +F By lg7/2 lgy,9’ . 2.3
. 8 137/2 ,

» 143 1 ' | -
Similarly for the Nd(gx,t) MPm reaction using prirced quantities,

| . . .

exp (235 +1) - (a Q+b ) "

( —— l}"gd e M52 s o S
5/2 : ' :

L _ .’

' (a g+b )

% 2{3 . 1g7’2 137!2J . 2.4
1/2 . . _

The a, b constanta vere deternined cxperincntally from the ( He,d)

and (a,t) readtions. leading to laéPm and &SPm. Taking the ncagured

(aﬁe,d) and (a,t) cross scctions for laéPn, equaticna 2. 3 and 2.4

.

‘bocome soluble for J, and the spoctroscopic factors u2 and B
B | _ 2d5, 15712

(set equal to 1 - dgd Y. Por states in 1Q&Pm. the allewed values
. 5/2 AR _

of the dpéctroacoéic factorn, correspgnding to diffprent values of Jge
arc plo:tcd for the ( "He,d) and (u t) reactions, os ghown in Fig. 2.3.
By including,:he uncertaintiea in the e:ilrimnn:ully mbasurcd quantities,
one can rest;_at the vnluca of J and the ascociatcd gpectroscopic
factoro for cach ctate. Thc lattor are prcscntcd io Table 2 A.,

! This mcthod. uhich has not prcvicusly bcen *ployed to extract
sping gnd apccgroscopic factors imdependently, 1o o vseful qualitativc

- appfbb%h which 1o mot 1imited bthhm uacertaintices cocociated with
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Pig. 2.8

Allowed spec.tr'o-scopic factors and spins for levels
populated in the (3He d) reaction (dashed curve.,) and in
the (u t) reaction (soli\“curve The pai.r of lines for
each reaction represents excrm solutions, cons istent

with the experirental uacertainties. Solutions exist a—zhcre

ool T n

curyes overlap. Arrow* indicate the spin values deduced

fron the ¥ ray studies. )
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. "Table 2.4

Spectroscopic Factors for the 14344 3ge,0) 1445 and

143Nd(u,t)lékPm reactions

Energy Spin \ . (Spectrogcopic Factor)ll z- 4
eV lal e}
0 5 Lo 0.0(3)
60.7 4 ¥ >0.84 <0.55" Y 4 |
66.6 3 C Y >0.86 . <0385 }' :
§0.0 - 2 - 30.84 . <0.55
1.8 6 0.87(8) 0.50(13)
195.4 . 5 o -0.39Q0%) 0.92(5)
207.4 4 “ 0.45(1)) . 0.89(5)
232.4 6 . 0.35(12) 0.93(5)
249.9 1 '0.50(10) 0.87(6)
279.3 3 - 0.47(10) ' 0.88(6)
© 363.3 2. . 0.26Q1) C O 0.97(®)
514.4 7 \\\\. . <022 - - 20097

I : !

& ‘ _ : .o :
pxtracted frea (a,t) reoction ascuming opins of these
2 : K

_ Eﬁcrgicg and spins hava been adopted froa Y ray otudies.

s

. | | -  '._ ;"'.



;
” optical rodel paramstcrs. The approach nay thus prove'useful in
[

y
y

the analysis of both proton and neutron transfer reactions in other \

regions of the periodic table, especially if cozhined with anguler
distribution studies. ~ . - :

Lo B

Infcrmation about the higher excited states has also been

extracted frcm the ( He,d) and (u t) reactiong. The cross section

ratios for these levels are shcw?,in Fig. 2.9. Levels beyond 1400 keV:

could not be identified in the (u.t) reaction on account of the very

r

low cross sections, ‘resulting £rom Coula:b barrier effects on the out-
going tritoms. The experinantnl crosz gsection ratios for states in .
143Pm. and their asaigned % valueg deduced by Hildenthal et al. (1971),
are vhown for compariaon. Aluo included arc the ratiou for soTe of

che single particlc states in las?m, for. which £ values are gchnfj

i

¥

(The level schemﬂs of 1&3Pn ond last will ba discussed ia wore

detail in Appendix 1.) - Although it wos not possiblc to deduce tﬁc -
2 and Q value depcndcnées for the ratics in the high energy schgks. .
it is apparent €hat tho states have both small (<2) and larga S)

£ values., Asguning t hac thc»ratio for a given-£ valte doo s not dopend
a;rongly on thc Q valun ovcr this encrgy rang ng, onc CAy assign zﬂ& (1} 4

5 to the states at 8&1 896 96? 1021, 121& and 1275 keV. ‘F

the ptates at 877 97:, 10’&0, 110& and 1184, seall & valu».s are favoutcd.
% Valugs of 3 2 oed O would be ccnmistcnt vith thosc cxpcgtcd frcn

the 1“11/2’ 2d 3/2 cnd 33 1/2 chell mﬁdel orditols. Since niny ccnfig—

* urations ore pthcat in th" hiﬂh cnﬂrsy schema it has not been possiblc

to extract £ gq:iﬁturcu for_thcsc statcs. : k

Pl i
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k/ .Q Fig. 2.9 | .- | -f-..

Cross section ratios for high enmexgy levels in 14‘E"P!;:.

( Excitafio_n cnergies are given with data. The ratios for states

1n ¥3pn(n) and ¥*%pn(0) ore also shown. S s
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Chapter d1I
" GAMMA RAY STUDIES

3,1 Introduction

_ Direct reactions are very selective and this feature is boo?/” //’
an’ asset and a disadvantage- in the study of nuclear structure. For-
example, the (BHe d)ricaotion lehding to lﬁme can only poPuthe states ' ~

in which the‘neutron configuration is' 2£7/2' and among thea it favours -

low & values. If one wiohes to see the other exnited states a diffe\\

approach is necessary. Compound nuoleus reactions, for example, are
much less selective and do they are more apt ‘to revcal all the nuclear
“excited states. By comhining the information from o varie:y of
,oexperimen é?ihc most completc onderstanding of a nucleus will be
obtained. ) o ' T '

~ -
e X

Thus, a2 nuzber of cxpcfiments wera cax:icd“out':o'investigate‘

- 14 ‘ 16&
th. Y rays cmitted by the oxcited stdtes of 166Pn. The lPr(w,n)

laaﬂd(p, Pm reactions UG!O ocudieﬁ in cinglco cxpcri:snto at

several different bo nbarding enorgics, and olgo in, coincidonod cxper- | oo

imcnts; The c 1nvcotigotions, described in subsequent ceetions, shed

d .
. conoiderable 1ight on thc level sehema of Thc appropriate -

theoretical aspccto of y ¢ tansitiono in nuclei arc bricfly dis-

- cusced in the folloﬁing“scction.

A

3.2 Elcctrc:ognotio Transitions in Tueled

-~

Tac olcctrouaonotic prcoortxco of tn_ a&caac nnclouo arisn £zea

the chnrge%é@d current dis trmbutiono of tho ccnstieu_nz nnclco Tho

.~ e

&5
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' S
mathemat‘cal detaila of the theory of radiative transitions have been =

well documented (eg. de Shalit and Talmi 1963 Yoshidaand Zammick 1972),

go that only the relevant rgsults are given here. '

-

Theﬁ:¥é§sition probability for emission:of a photon of energy
D, multipolarity % and of electric (ﬁfE), or magnetic (a=M) éharacter;
from the state [1> to state [£>, 1s -

’ ' . 2#+1 |
_ Br (Q4+1) 2
1,008 = ORI 4 (%) RIENCSE

\

in the limit when (clm) is much greater than the nucleax dimensions.
Here QA stands for the electric (QA ), or magnetic OH ) multipole
operagor. Since the orientatlon of the initial and final states are -
;guglly not known?,; sum 1is performed over the ‘magnetic quantum,numbersw
 \(ﬂf)fofthe final states, and am average taken oﬁer the magnetic'qugnf

tun nunbers (M ) of ‘the {initial state.

The so-called rcduced.transition probahility is then defined

° -

Aﬁé ' . ‘ \
' 1 : 1 42
RS T, b |<sgtloy, gl -

i Mi Hf' Y - i\/
Using the Uigner—Eckhart theoren to write c )
qunf 2, l3p> = <3 1gplsf'nf:-af”n 1]3 > 3.1
_ ' 2
gives Bif(ail) 242 [<Jfllﬂ l[Ji>1 S )
. i ' '

vhere <J£||n 1]3 > i3 a reduccd-matrix cnzni?wh;cg.does:not dcpcnd

on the magnctic oubstatcd involvcd. It ic thiz factor unich ccntains

the details of the atructurc of thc iniriol cnd £inol states. The -

transiticn probability bccc::s

c
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: 23+l - !
, 8r(Xtl) 1 -
100 = st 1 (8) e

AN

A transition between an initialsetate Ji’ and final state Jf
can involve several electric_ and magnetic multipoles, which satisfy

the relations

(9,79 <2 = |3,+3;|, and also

(These selection rules are contained in the Clebsch Gordan coefficient

occuring in equation 3.1. ) Conservation of parity imposes additionol .

-1 for electric transitions

lec .
selection rules viz.® 1" T {j—l)?+l for magnetic transitions

‘In most-caées, only the lowest ellowed'multipoie of each type has to

Ee considerdd. )

Ueing'the elctromagnetic operators Qiu and HAu; rhe_reduced
matrix elements for giveg’rrensitions may be calculated within the
,framework of a given model - A comparison of the theoretical and
‘rcxperimental transition rates, or related branching ratios, thus serves
as a semnsitive ‘test of the model wavefunctions.- In evﬁlunting the”
reduced macrix elements, model dcpendent selection rules nay aloo

%

 arise to impose further restrictions on the allowed transitions. For

hS

example, the ground states and first ercitcd states of the N=82 odd

proton nuclci have been classified as 137/2 and 2‘15),2 in terms of tne

, ohell model. The cxpected Ml tranoiti?nn betwccn these otateg are of

1_thc E-forbidden type. and cxperin.ntally are grcatly rctarded (BocLlin
d.Holmech 1967) In thc odd-odd h=83 auclei however, because thc |

)

ﬂtcg involvc a ninturc of chcco ruo»confi"uraticnd, Ml_tranoiticno

.
»

¢ , N ) - ) &
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are no longer forbidden.. By making order of nagnitude aséumptions to

evaluate the reduced matrix elecents B, . (a, x), ome can obtain Weisskopf
or “single particle" estimdtes for the M1 and the cozpeting E2 trapnsi-
tion rates. For yray transitions of less than lfHEV theiﬁllﬁransition

rate is >500 times' the E2 traﬁ;ition rate, and so Hl transitlons are

expected to be the doninant mode of decay.

3.3 Gamxma Ray Singles Studies . ' ' o !

3.3a Experimental Cutline

To inveétigate_the y decay properties of the excited states
184, 14 144, 144 '
of 1Pr(u,n) Pm and Nd(p,n)lA&Pm experiments were under-
taken using Ge{L*) detectors. . Pulses froa the detectors were shaped

oand anplified by Ortec preamplifiers coupled to Tennelec T0203 main

klamplifiers and baSe line restorers. The pulse height analysis and

data storage were acccmplished with Nuclear Data analoguc—to—digital

convertors (ADC'S), interfaced to 3 Kuelear Data’ 3300 analyzer. The

‘resultant &096 Channel spectra were recorded on magnetic tapc ~ and

subsequently analyzed by means of the computer progran JAGSPOT
(Willians and Mcherson 1968). The progrzn performs a least squares
fit to the data uding a functioqi\f the form

e(y—x ) -afx—y)

o3

gpj o
I(::) = m+$x+ 321 Yy Y 9

vkere X chanmel nu:ber : '{ o L - e
I(")a ae=ber of counts in chnnnel $:4
Uw au_ber of peaks in region being considered (46)

ot = lincar hacksround tern

g -




P

vy = intensity of peak i:ocated at x
' é,e = uidt‘h and shevmess parameters ' of pea!:.

2

To w=osure y ray energles the Ge(li) detectors vere placed at
90° to the beam directiom, -thus ninindsing the eifects of Doppler
broadening;.‘: The standard sourceé used for the energy calibrations
‘are listed in Table 3.1. On the other hﬁnd, the relative intensities
vere mﬁaéured at 125° to the begn direction so tha€_inguiar éistri—
bution effects could be safely ipgnored. Detector efficiencies;,,as a
function of ¥ ray CReTEY, Were detemined at the end of each experi—
m..m: in the reaction gec:etry, using a set of absolutely cali&rated
IAEA spurces, ..upple.....nted by sources of zTa (White 1970) and >
15285, (aubin 1969), vhich have many lines of well kaown relative
intensities. The sources mre/ placed 1n the target chaober at the

N
saz=e location ags the be:::m spot. on the targct, thus mintaining t:he

7 a=e y ray absorpcion in the walls of the target ch.‘...bar, 2nd in the

| Mo-Cu absorbers, used t.rith the .detectors to absorb lcm energy radi- f
ation.‘ The y ray inten..:{ties ma..urcd in the (u,n) ands (p,n}
experir_nts were con'cctcd for ..b..orption in - the targcta as outlined

T .
in Appendix 3. - A &

3. 3h v Ray Sinwlc., F:‘.‘:rpﬂri::.nzs

¢

The cinglcs c::pcﬁr.cnts were can‘ied out using 16.5 MV «a
-- becmo muacnz [ chick tax'gcta of Pr (c!f_w::i_cal purit_y' 2_99.52). Ar |
this bc::bardin., enerpy cven the high cpin states of imterest are.
cnpected o be po-mlatei zclativ*ly ...tronﬁly. "'h.ﬁ g,arﬂcts w;zm'

movated en o a}.a.....inm L'.nlmz in a ta*gct c‘ixz‘.'bcr con:ki.,tinﬂ of a




Table 3.1

vy Ray Energy Standards

J—

50

Energy

~ 1770.060

\ } L Greenwdod et al. 1970

4

0
3
L
.

m—

} Beloer et al. 1971

Cunnink ct al. 1968
tralavar ;u:id .Hgmilton 1969

Source Error in Energj% ‘
) (keV) (eV)
28 o 59,537 )
18204 '100.105 :
o 122:061 10°
>7eo 136.471 10
1810, 145.440 3
182, 152.434 2
182, 156.387 2
1820, 179.393 3
18204 222.110 3
18204 229,322 6
1821, 264.072 6
W3 279.188 6
192y, _ 308.445 7
192, 316.497 ° 7. )
2075 569.630 13 )
13704 661.638 15 |
% 834.827 21
88y 898.021 19
207p  1063.580 24
80¢e 1173.208 25 )
€0¢q 1332.505 25
207, ‘ 70

i
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0.43" diameter pyrex tube with 0.050" teick walls. A deseription of .
this efparatus is given elsewhere (Dohan 1972). Such a chember
minimised the absorption of low energy vy rays frono the reaction and
aleo allowed the Ge(Li) detectcrs to be placed close to the target.

A study of the 14['Nd(p,n) Pm reectian was also undertaLen at a boz—
barding emergy of 10 MeV, to lend further support to the ‘assignzent K
of y rays. The targets for the (p,n) experimeﬁts_eoﬁsisted'of.enriched
14&Nd203 powder, mounted on a carbon holder with a2 elue prepared freo
-benzene and polystyrene. The enriched oxide had the same isotopic | «
composition as that used for the particle studies (Table 2 1) The‘
beam energies wgse chosen so as to maximioe the yieldg froo the (u,n)
and (p,n) reaﬁ%ions, and avoid interference]gxcm,the (a,20) and (p,ZB)

reactions, which have respective Q values of —16 8 Hev znd -9.8 w;v.

Although the first (a,n) and (p,n) experinMnts, pexformﬂd with

a 37 cm (4.4 keV FWEM at 1.33 HeV) Ge (L) detector, rcvealcd many
lines in common, the energies, of som=z . of the strong. lau en.tgy lines
were not 1; agreement. ‘Since it vas therefore desirnble to obtain :

v spectra with high cnergy resoluticn both the (a,n) :na_(g,n)-reec—
~tions were further studied following the acquisition of high qualicy'_
0.9 cm3 and 50 cm? detectoras. The cﬁaller‘detcctor was cgpecially
‘useful for the low enetgy.region {<400 LdV) on account of its |
‘excellent recolution (650 eV at 122 kaV). For the high cnRELY regice
(>400 keV) tho efffcicncy of thiw dctccto* dccreased very rapidly

and conscquently the wuch wore efficicnt 501tn; deeecter.eas used

altﬁough its resolution ﬁeﬁ ppotcrr(E.ﬂ LoV at 1.33 MoV}, To avoid

overloading the dotectors with X ¥ays fron the targcts, Mo=Cu

i) ) . . - .
W s ”\\
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'abéorbers wvere uséd, although they éere later restedwheﬁithe Xﬁfqy

region was investigéted. With bean ,current:é of 10nA for the (a,n)

rezction *:md 30nA for the (p,n) reaction spectra t:ere accu:ulated for

10 hours. Count rates of '\.10&' sec could be tolerated, using

arplifier tice constants of 1__usec, without noticezble loss of Treso-

lution. Exaz:ples of spectra from both reactions, obtained with the

smller detector, are shown in Fig. 3 1, and show nany culeiplets.

Iu particular the dougiézgwseen at 170 and 281 keV account for earlier Q !
discrepancies ‘in Y ray energies. " The spectfa \obt‘:a_ined with the 50 cm3

detector are shown in Fig. 3.2.

It was ivportant to identify the linev arising from other

reactions since the vy rays as.,ociated with I%P:J had not previously

keen studied. The (u,a") re.nction cn the target produced several
lines which were ]-mawn froz pre\riou.-, .,tudies of l?t (Ddxi(:ls and
Felsteiner 1968, Dave et al. 1970) Lincs vere ubserved froa 19}.3‘,

23Na and 16,17 180 impurities, probahly introduced cn the target sur- |

face durino the target ‘preparaticn, end during the cxpericent, bu:
othey lﬂcalg_ impurities were not identified. Also present wore hnes
from fe (Bczm pipe). Ta (slits), Fb (chielding) ond An (concuctj.no
electrodcs of Ga(Li)- detector} _ ,
Althnuoh the icotopic cnrichz:nt of lmﬂé in thc.‘ (p,n) target
was »>97%, a cintlarly prcparcd target of n.aturnl ?,zdzo3 was also
i Cmpo::ed to the 10 I"'*V proton besn. Troo coorgy and. intcnsity con=~
“ideratiom, "t voo-thus pessible to ddentify rcaction_» on othcr

1sotopcs; In par:icular, lives at 72.0 oV and 61 25 kev a*-:L,inn

froa the {p,p') cnd (p",n)’reacticn:i on 1&5.,d vould Bo tes ue ok to be



Fig. 3.1

Ge(Li)'spgctraL(D.Q cﬁa)frcmthe_(a,ni

and (p,n) reactions
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Fig. 3.3

Ge(Li) spectra (30 mmB)frcmthe {a,n)

- and (p,n) reactions
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seen in the enriched oxide exposure, although pres t/i; the spectra
from the natural oxide exposure. The”;esiduéi actfvity froo the-
144 144 14 144 Lo
Nd(p,n)  Pm and lPr(u,n) Po runs was dominated by the decay

lines of lé&Pm and is discussed in Appendix 4. i <

Since it was felt that an accurate determination of ;he-i\yay
\‘ . .

energies uould be invaluable in the subsequent construction of the ﬁ . o

=

lAAPm leve) scheme, the (a,n) reaction was studied concurrently u1th

standard energy sources CTable 3.1). Steady bean currents of 20 nA
r x'*
" were maintained for m15 hours for the(LQcm3 spectra, and 8. hours

3

for the 50 cm” spectra. The positions of the sources were ‘chosen so
that the calibration peaks were apbroxiﬁhtely the some intensity as
the neighbouring strong peaks from the target. Once the endrgies of

o

the strong peaks vere determined they,were used as 1nternal otandards

g

for weaker peaks in spectra uf,thé/i;,n) activity caly. Using JAGSPOT,
cnlibgntion curves fqr the encrgy depcndcnt shnpe para:aters, & and

g, were found for the strong peaks.in cach "pcc::un,tth allowing
.the posi;ious ana‘intensities of the wenker and peorly resolved pcak? - -
to, be determined more,;clidbly. Thd peak cnergies were fitted 53 a’
quadratic functioﬁ'gf pea&‘dosition wfthiﬁ the rzngé of the calibra-

tion sources, and by a linear iunction outsidc the rungc. Thcvquﬁdra-

ttcd&egms, uded to correct for minor non—lin.arities in thc oyﬂtcn,_

WOTC Very cmall, in Eact “the qpadratic ‘ond lincar fito prcdictcd .,
csahntially the ‘seme cncrgicg. " o |

Tho crzors in the cacrﬂica, cozputed byJJAGSPOT a:idc.from :

!
_tho statiotical unccrtainticu ig the lcaat cquores £3t cod in the

Wi

pcak positions. Oy locapinsnthc cources in ¢rent of the Co(ii)

e
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detector, the effécts due to sourcé-orientacion (Gunnini 1968)‘were
ninimised, thus contributing negligible error in the energy calibra— -

tion. Correcé;;ns for nuclear recoil estimated to be. <Y eV, were

A
ignored.

.

3.3c (u,ny) and (p,ny) Excitation Functions

In order to identify those Y rayo from the 1Pr(n,n) andﬂ -
&4 . :
1 4Nd(p,n) reactions, spectra wvere recorded with a beans of 11.4,
14,0, 16.5 and 20.0 MeV, and proton beams of 3.6, 4 15, 4.5 and

5.2, HeV incident on thick targets. The'respective thresholds are

]

10.8 and 3.2 MeV. Excitation functions for the strongest lines are

given in Fig. 3.3 for the (n,n) reaction, and Fig.73 4 for che (p.n)

\

reaction. Heaker lines observed with a energies of 16. 5 MoV and

20 M=V, but abncnt at lower eneggies - are not shown.‘ In the 20 MaV

s Tun soze additional lines which were present have been identified

with the (c,2n) renction which has:a thresﬁold of 16.8 Fav..

The spectrum from tﬁh natural Hd203 target vas also atudied
with a & MaV proton beem sincc lincs, nlready-ccntioned from thc
isotOpic iopurities in the cnrichcd target could have contributcd

cignificantly at the lov bex onergicd. The threshold for “the

145 Hd(p,n) Pn reaction s only 0.9 M2V,
It is cvident from'?ign. 3.3 und 3 4 that :oot of tho lincs
cxhibit nimiler excitation functions consiotcnt with thc (a,n)y cnd 7

{p,n) rcccticnn. ¥ rayo not ascribcd to 16&Enuwnrc rojected for cne

or zore of thc follouinw reasonst . L <

1) . ezcitotien funceions toz COEStiCﬁt uitn the (c,n) cnl
o .

%
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y ray excitatioh funcfionq for the 141Pr(u,p)laaPm

teaction. ‘'The observed y ray intensitiés”hgve been nofmaliSed

th resﬁéct to the beam charge, but-have not been, corrected . .

. for detector efficiency and absorptiom in the target. -
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.Fig. 3;4 ’ _ - -
Y Tay excitation functions for'therlAaNd(p,n)144Pm

[
o

reaétion. The observed y ray intensities have been normalised

with respect to the beam charge, but have not been corrected

for deﬁector efficiencies and absorption in the target.
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(/rf/(p.n) reactions Co , | T -

2) energy the same as that expected from a reaction in!fhe‘
'Eﬁoaq target impuriﬁies,?siifs; beém-line or frgﬁ a
cu:petiné reaction in tfe target -
3) ;ucqpsistent-iptensity in different exsbsurés at the same .
bezn energy :
4) energy the samé as a y ray observed Qithxbeam off.
The Y rays which have been assigned to lhaPn are giveﬁ in Table 3.2.
It should be noted, hcwever, that soce of the ueakcut lgnes have been
cbserved in only (a,n) or (p,n) spectrqrgith“the‘§gst statistics, and
hence their assigument to 164Pm'must'ﬁe considered tentative. Those
fren impurities and coopeting reactions are presented in Table 3.3.

The probablc errors in the quoted relative intensities include.

statis tical error ia mbasuring peak areﬁ NSZ error in m@asuring

relative efficiencies of detectors, ‘and the errzor in calculating Y
ray abs orption in the target (Appcndix 3. An estimnted’SZ error,

“which nay arioe fron angular distribution effects, is not included.q

1

3.3d X Ray Region in the (u.n) Reagtion

' By rezoving the Ho-Cu graded abaorbcrﬂ froa the small windaw-.
less Ge(li) detector, to ninimiqc thc effects ‘due to ahsorption. it
was possible to look for very low cnergy y rays (<1QD keV) involving : .
the low lying states found in thc particle transfer studies. (Such B
n invcstigaticn also gerved the purpoge of anaiyeinq\chn purity of
the target.) An cx::ple of quca a uncctrun, frou the (o,n) zeaction

w

at 16. 5 2.? 1; chown ia Fig. 3. 5.«
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Table 3, 2

v Ray Energies and Intensities frofn the
14 : 144 144 :
. 1Pr(u,n) .Pm and © Nd(p,n) l“Pm Reactions

. (a,n) Eg=16.5 MeV (p,n) E,=10 MeV
Energy Error in Energy Intenmsity Error in Intensity Error in
(keV) (keV) ‘ ~ - Intemsity ~ Intensity
55.469 - 0.053 1,10 0.25- <3
0.737 0.021 52.4 4.3 152 18
71.960 0.030 421 0.36 - 13.0 1.8
78.840 0.060 - 0.86 0.10 1.8 0.29
83.985 0.030 . h62 . 0.26 17.8 2.2
90.371 " 0.092 . 0.57 0.13 <0.5 |
105.940 - 0.050 1.15 ~ 0.10 ©<0.5 . |
107.064 @ 0.040 1.40 012 | 2.28 0.18
108.571  0.038 136 . 0.1 - 114 0.13 |
113,349 0.020 1.89 0.10 8.10 . 0.48 -
130.193 . 0.087 . . 0.75.  0.10 <0.5 '
© 134.707 0.014 - 39.0 1.6 67.9 3.9
140.726 0.014 20.5 0.9 °  50.9 2.9 -
151.521 0,095  0.90 0,12 - <0.5 .
157.996 0.080 ° <0.5 .. 163 . 0.2 .
169.879  0.010 ~  26.8 - 1.1 132.6 - 7.5
171.798 . 0.010  100.0 4.2  100.0 = 5.7
184.270  0.030 448 0.26 - 3.06 | 0.40
195.417 _ 0.016 8,76 0.8 - 141 0.9
199.252  0.014 - . B.49 0.41 3000 1.7
212.624 0.050  1.69 0.9 . 6.69 0.4
" 218,564 0,015 231 0.9 8.6 3.5 -
223,715 . 0.071 . 192 023 - <2 |
© 232,610 0,024 72.9 3.0 470 21 -
281,938 10.045 28.3 1.2 " 9.4 0.7

283.155 . © . 0.094, ‘4,030 0.33 16,8 10

& S . o (continued) - _
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(a,0) E,=16.5 MeV  (p,n) E,=10 MeV

0.20

{cont inead)

1.8

Energy Error in Energy Intepsity Error in Intensity Error'in,
(keV) (keV) h*; Intensity ' Intensity
296.544 0.037 7.21 0.46 34,5 1.6
326,537 0.045 15.3 0.9 3.17 0.73
342.376 0.025 - 18.9 0.9 <7 - (&)
432.87 0.12  4.06 0.31 <
446.30 0.50 <1l "2.19 7\ 0.52
453.46 " 0.31 1.61 0.27 <1
456.80 0.50 <1 | 1.46 0.46
535:20 0.30 1.56 45 11.5 1.0
553.67 0.17 4.15 - 4.3 2.88 0.70
563.67 0.34 2,36 .34 a
578.80 0.70 - 2.09 __jigo 2.18  0.65 ) :
608. 65 0.12 3.57 0.37 2.68  0.62 2
669.07 0.12 16.0 © 0.9 4.18 0.77 n
675.30 0.50 1.78 0.32 <2 |
707.97 0.41 <2 ' 8.52 0.0

' 718.60 0.20 <2 - 9.6 1.0
731.20 0.30 d | 8.22 0.95
733,60  0.30 <2 9.9 1.1
741.69 0.21 ©4.85 0.48. <2 |
756.17 0.45 2,80 0.46 3.4 1.1
759.03 0.10 20,7 1,1 61.9 33
769.10 0.10 17.1 0.8 35.2 . 1.6
775.8 1.0 '1.90 0.40 3.80 0.70
780.0 1.0 2.30 - 0,40 6.4 0.9
791.03 0.21 5.67 0,38 5.0 1.0
809.10 0.10 1.4 - 0.7 43.5 2.0
815.0 1.0 <2 - 5.40 0,63
'819.21 0.15 6.31 - 0.51  32.4 =16
862.89 0.23 5.5  0.42 - .17.9 " 0.9
876.40 - 0.17. 5.79 . - 0.57. 20.5 1.1
887.23 . 0.47 268 0.59 a2 :
896.0° 1:0 da . 3.7 0.90
508.42 0.17 122 08 86" 0
910.93 10.6 0.8 372



{a,n) E4=16.5 MeV (p,n) E =10 MoV
Energy . Error in Energy Intemsity Error in . Intemsity Error in

(ke¥) (keV) Intensity Intensity )
1926.42 0.26 - 4.38  0.48 128 0.8 -
931.17 0.5  2.25 045 <2 ‘
936.90 0.40 = 1.60 0.55  7.31. 0.8
. 941.58 0.18 6.34 0.54 13.5 0.8
948,15 = . 0.23 5.06 0.53° .- <2
962.23 0.21 435  0.78 7.8 1.1
1019.02 0.23 - 4.09 0.53  10.0 1.6
1048.46  0.18 5.0 11 - <2 . o
1058.12 o035 425 Q.71 17.0 1.1 L3
. 1071.32 0.29 . %.85 0.49 7.2 13 L E
1079.95 o7 2.65  0.63  2.49 076 :
1083.08 0.23 5.80 0.67 161 0.9 3
1114.50 , 040 2.67 0.68 . 4,90 0.96 5
1128.00 0.30 <2 9.5 1.0
1144.60 0.74 61 12 3.8 1.0
1157.57 0.3 447 035 . 120 L2
1214.56 . ©0.21 5.05 0.88 <3
122063 " 0.47 s w0 (73 1.1
1230.05  0.23 5.14 0.8 “%.2 0.2
1309.0 (b) 1.0 - 12,7 1.4 143 © LS
1331.2 - .+ 10 - <3 - 8.6 13 _
1335.0 () 2.0 21.0 20 &3 o
1342.0 1.0 <3 1540 0 16 |
w238 S 0.47 . 415 030 1o L6 :
1448.00  0.80 1.46 065 . -10.0 1.4
1514.40 050 . <3 . 116 1.6 |
1545.0 10 <3 1.3 1.5 .

{(a)} Peak on z"apidly'varying Cepton backgrowad
(b} Broad ' : '



Table 3.3
¥ Ray Energles and Intensities

from Impurity Reactions , /

(@,0) E_ =16.5 eV (p,m) Egalo'Mev
Energy Error in Energy Inteumsity Error in Intensity Error in

(keV) (keV) . ' Intensity Intensity Comzents
53.476  0.090 2.86 0.82 7.2 1.2 (a)
73.850  0.030 2.05 0.22 . ®)
109.891  0.010 36.5 1.8 7.8 .- 052 (o)
136.30  0.15 1.69 0.20 T @
145.441  0.013 23.4 1.2 R (e)
165.32 0.22 | 0.79 = 0.15 N
197.141 0.010 62.2 3.2, 14.4 1.0 ()
208.465  0.080 4.6 . 041 (£)
238.319  0.036 5.3 0.33 | )
275.35 0.13 2,57 0.40 | )
301.51 0.21 4.10 0.30 | (@)
339.45 0,10 ¢ - 7.80 0.0 T m)
350,543  0.069 9.62 0.86 - ()
438,73 0.30 1.33 0.27 3.55 0.54 G4
476.90 0.53 180 . 0.0 3.78 0.70 (k) -
511.01 0.20 S R €
558.03 0.10 682 0.53 8.21 073 (@) -
582.73 0.10 18.1 1.5 L - ®
596.90 0.50 ‘ , , : @)
617.90 0.52 . 411 033 879 0.8 ()
650.76  ©.50 . ’ 6.2 . 0.83 (o)
693.80 0.ss - o . S )
696.60 0.48 &1 1.2 | R Y
708.96  0.15 22,0 B - . (o)
728,52 6.23 Y 7.0 1.0 6.3 - 0.68 (0) )
836.0 .0 . L72 0.32 - @2 .
"842.80 0.3 1.76 .43 3.3 0.6 Q) -
846.60 0.13 S 72 0.42 23.7 . 1.1 ()

871.26  0.21 . 7.93 063 2.8 0.70.  (a)

(écntigucd)
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N ; (o,m) E=16.5 eV (p,m) E =10 MeV: = ?
Energy - Error in Emergy Intensity Error in' Intensity Error in : ‘
(keV). (kév) . ) Intensity Intensity Cozments
890.08 0.32 4.55 . 0.58 . (b)
955.31 0.53 3.30 0.51 7.5 1.2 4 (o)
 972.54 0.68 5.12 . 0.50 . : R @)
981.91  0.42 2.85 0.52 : )
1014.50 0.40 11.5 1.0 . 13.3 1.7 @
1040.51  0.54 3.51 0.89  21.9 19 (®
1126550 0.20 41,3 3.2 o)
' 1146.87. 0.32 8.1 1.2 41 . 1.0 " (o)
1235.89 0.22 17.3 1.1 5.67 0.89 (c)
1262.0 1.0 0 36.1 45 1.8 0.90 (o) ;
1274.35 °  0.10 . 18.8.  _ 1.0 - (1) ;
1292.43 0.12 - . 12.3 1.3 ) ; © {e)
1298,41 0.12 - 12.4 1.3 (e)
1366.0 1.0 112 1.8 7.3 fe2. T
1430.0 1.0 6.43 . 0.56 ' A 5
1454.10 0.50 12,5 .l LW
1519.40 0.0 362 2.9 - : (c)
1528.50 0.37 . 13.6 1.6 . @
1530.0 1.0 o , . 19.8 © 1.9 (t) -
1565.0 1.0 DL 11.3 1.5 (®
{a) 73Ge( ,n 73Ge ? |
) 19F(a, n)

(¢) 192(a.c )19F 19F(p P )19F
{d) 181Ta(u a")l
(e) 14lpr(a,a")l 41
() N isoto%}c imuurity
(&) 16g(a,n)19 .
(h) 57Fe(u u'}57Fe
(1) 19F(a,p)2iNe and gr 180(0 ngulﬁe
&) 23Na(u @ )23Na 3Na(p p
(k) 144Nd(p P *y144N3 and/or 1 Pm(e e )145Nd
" (1) Annihilation Radiation . .
(@) 114¢d(n,n’ ll&Cd ? ’
(n}) ~}*Ge(n n') 4Go - SR R
(oY Intcnsity VﬂTiCu crratically in diffcrent rms at the saze bc:ba:dinﬂ QNergy
) ‘%6e(n,n )7 Ge - . :
(@ - 27al(n, a') 2741
(r) 56Fc(u a' 55Fe 56Fe(p g )56Fc and SGCO(S )56?0 baCk8r°Uﬂd 0CtiVit?
(s) Yo(z,a")17%, 0(p,p i
(t) gzzervcd bclow thrcshold for the nroduction o2 thie cneruy ¥ zay .ncrgy in
o . : . _

- .
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Fig. 3.5 d

Low Energy Spectrun frem the (a,n) Reaction
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As expected, the K and KB X rays froo the él?t targét
-dominate at 36 and 42 keV, also giving rise to broad sun peaks at 72
and 78 keV. The identification of  the X rays is pade relatively easy

by the fact that the K_and K lines usually form 2 characteristic

B
intensity pattern.’ Althpugh many strong additional lines are present
they can be attributed to X rays from Pn, Td and Av and their assoclated j
Ge X ray escape peaks. The latter arise when the Ge X rays uhich

follow the production of a Krsheli photoelectron escape from the crys— |
fal. This escape is more probable for very low energy y Tays because
they interact near the surface of the crystal. (The energy deposited

in the crystal is the X ray energy less the Ge X ray cnergy.) The

presence of the Ge X rays indicates that the scatteted Y Tay soct nti::...s

egcapes from the crystal, leaving only the Ge X ray. ) v
Levels in ;QAPm vhich de-excite by internal conversion, give
rise to the KB lines at 43.8 and 45 0 keV as Hall as the K lines
zuhich are partly obscuted by the target,x rays. The analysis of the
X ray region is summarised in Table 3.4. In most cases, only ‘the
' strongest X ray, cxpected ata gtvcn.cncrgy, is quoted. Tﬂe analysis
has been made on the basis of the line cnérgies ﬂﬂa'tO'aU“" cxtent on
their relative intengitieg.‘ Tha' latter could not bc mcasurcd rcliably
duc to the difficultiesrin obtainino an efficiency callbratign at
such low energies. Thc relativcly wveak lineg actributed ‘to Nd, Ce and
La reflect the purity of tbc targct ma?erial (their preacnce was con— .
firmed by a study of the activity produccd aftcr irtadiatlng the tar—"

get naterial with thcr:al neoutrons fron thc H:Naater Huelear Rcactcr).

The X ray spcctrun dccs not 'cvcnl ony lcu cRergy lincJ which could
, j_ S - .

r
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Y o
7 AY
Taeble 3.4
Lowcinergy Lines Observed in the.\ s T -
’ 4 o LT . e
1 1( a,n )Pmlaﬁ Experiment -~ ° *'r
Observed ‘ | Asgignment ’ .
Energy ' The X ray nomenclature, energies and intensities are -
(kaV) : " quoted from Lederer et al. (1968)
8.9(2) 1Ge(Ku) 9.86 (50%); 9.89 (i00%) .
11.6(2) Background activity o _ a _
24.,6(1) ‘p:(xaz)-ce(xa) 24,55 - o 2, )
25.1(1) PriK, )-Ge(Kg) 25.03 . &
25.7(1) Pr(K )—Ge(K ) 25.67 S
26.2(1) Pr(K )-Ge(K.)” 26.15 -~ e E
29.7(1) PriK 1)~ce{x )y 29.7° _
30.8(1) - PriRg )-Ge(Ky) 30.8 ! »
31.8(1) Pr(KBZ)-Ge(Ku) 31.9 .- s

. o : .\ . 2 | X
33.0-35.0‘ La(K,Gz) 33.03; La(Kul) 33.&?1, Ce(Kaz) 34.%8. Ce(101§ _34.72.:‘
35.5(3) ‘ ) Pr(an) 35.55 ‘ :

35.97(5) -P?(Ku15 36.03 i o e
3D M) W36
38.2(1) Pu(K_ ) 38.17 R - o ﬂ
_ . a2 ™ . T , e .
$38.7(1) “Pm(E, ) 3872 e e
3§L?(1) - Ce(K 1) 3932 2 ' o , e 4¥5
(40.67(5) . 7 Pe(Rg) 40.7 . R
41.72(5) Pr(x. ) 4¥.8 . o - I
43.80(5) - ngzzz) 43.8 - ‘ L
45.00(5) Pk 2),4a,9-““ SR R
55.47(5) v S " L
56.27(5) ;;a(xué) 56.28 ) -
57.54(5) _Ta(Kgl) 57.56 - T )
60.732 =~ = ¢ - e _ L D 5
| 65.14(5) . Talg, l) 6s.2
67.03(5) () 66 993 Ta(KB ) 67.0 C e

) (cicntinuc_d)f f‘f"f ..
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~ Observed - LS Assignmem; o ; N
"Energy ~ The X ray nomenclature, energies and iutensities- are
(LeV) -4 quoted from Lederer ez\al. (1968) K L e
68.82(5) . 6{?( ) 68.81 ° - N .
70.0-73.0° K 2) + Pr(& ) 1. 10; Pr(l( ) -I-’Pr(K ) 71 58-
| PR )+ Pr(R. 1) 72,06 . C . s
73.92) - .- 19F(a,n)2Na - S P \ C
74.5-77.5 . PR ot Pr(Rg ) 76255 Pr(R, ) + Prexy ) 76.73;
,_ Pn(K 2) + Pr(K 2) 77.35 - S \
77.8(2) - Pr(Kul) + ?r(K 2’) 77.83; Au(Ksl) 7.9 .'
78.9(2) . cT . N
81.2(2) p‘r(rcsl) + Pr(I{-Bi) 8.6 T~_ -
83.98(4) | s ” - S
90.4(3) - - | - N -
N !
_ ! .
- B hv\
|
e . LN
- ‘3{-- d ' - -
. ) B .
o : T



- se gttriﬁuted'to %QQPD; exctpt=chonc elready given in Taﬁld’&.ﬁ,\
BN .' o " . - -: . . ) e L D
L 34 yy Coincidencc Studies '

S

“

3. &a Experincnﬁal Outline '

Although the information obtained from the meaaurcmcnt of ' _ '
-~ 3 2 . o :
Y ray energien and intensities can lead to the conatruct;cn of Q

>

auclear level scheze on the bagsis , af yield anc:ions and energy fitu jh s

for cascnding Y rayc,'nuch an npproach f:eqnently doen not reault in
a unique level sche=e. = Additiomal informatioh gaincé'frcnfyey

coincidence experinents reéolves nany offtﬁn nmbiguities, and grecatly
- : = )

.

increases onc's confidence in a proposcd cchera, o o o Doo.

Gazza ga::n coincidence ckperhmcnts vere undcrtakcn with

12 cn3 and 40 cn3 GelL1) dctectoxa-using both thc {a,n) cnd {p,n) S 3

reactions to pfodccc 16&Pm in 1t§ cxcitcd ntateo. Evcnt by event
dnta recording on mngnetic tapo was cmploycd with a oubccqucnt off
11nc agalysis. Thin :ﬂthnd nazindccs the information that can be

aobtaincd in th. cxpcrimcntal.ti:c availahle, and cnablcs onc to

‘detect cnd correct for gain chnngcc relativcly casily. The blcch .

T

'diagrum of a typical Y-y coincidence systca ic-shcwn in Fig. 3.6.
Thc pulsco frcn each dctector vere . shapcd by tining filger
'czplificrc nnd conntunt fraction timinn &iscrininatorc, thus pgo- - ..‘. ;
-_ducing pulses cc:pcnsatcd for varinticns in.both c:plitudc ond rice .
tize.’ This rothed of tiﬁ;nu, ccvalcpcd By Chase (1968), i partice-

ularly cuitced for Cc(Li) cctcctoxs. Tha-pulscs arc thcn ged into .

et

‘n O cimc—zo-::plitclc ccavcrgcr (EﬂC), cne dctcctor prcvidinu tho

“sccrt“_pulncn, the other ctcp palscs.' Tho speetnin of TAC inccs
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had

-
I

v

containa one peak on a continuous bcckground, the former broduc\} by -

-

true coincident evente, the latter by chance coincidences. The width

- . Fay

fof tne peak is a measure of‘the time resolution of the system.

The linesr pulses frcm the detectors were also- shaped by
Tennelec amplifiers and bnseline restorers, and digitized by ADC's

(conversion gain 4K) interfaced to a PDP-9 computer. Tbe ADC's were ’

. gated by logic pulses from two SCA'e set on ‘the T&C output, one

defining the peak region corresponding to true plus chance evento, and

the other defining an adjacent background region, correoponding to

.~

chance evente only. .
b - : » . P

In addition to controlling.thc ADC's and the tape drivc, the

’ computer vas used for buffer storqge of . the coincidence detnlvhich

coneiﬂted of pnirs of 18 bit,wordo. ‘Each word defined the "uddrcso
(chnnnel number) of the detected Y rey, the ADC and - the gating SCA.
Cnc bit was uoed as o tice sequence bit. baving the same valuﬂ (0 or 1)

for both words of a. givcn poir and a diffcrent valui for odjacent

. pafrs. ‘The storage was acco“pliohed by two lK Euffcrs, vhich were

alternately £filled and dumpcd on mognctic tape. Thc.corputcr progran,
uritten by L. Bughes, allcwed. the y roy cpectra Erom Both ADC 5 and
both’tinc windo be dioplnycd for :onitorin purpasea durinn the
enpcrinent. The true- pluo chence cnd chanee cveats cach dofincd in
offcct a3 dincnoicnal surfucc,guhcre the nuzber of cvents por digitol y
locotion {0 moasured . .aleng tho 2 oxiz, tha X and ¥ onco ccznrininc

the eddrcoo of tho v rayn detectcd in tho recpective dctcctoro.d3
’ ;

Thae data tepeo vors oorted in tho follouieu cunncr o th" o

HeMaster CDCG&GO co"yutcr vith tho oid of a,grcﬂrcm written by | .
___/,f;' / l'h

i




B. Cook. For each y ray eﬁergy'three windows vere set on the y fay'
photOpeak on a lower background reg;ton and on an upper bao};ground
' region. The combined w:f.dth of the bac!:ground windo".arso was set equal

to that of the pliotopeak window: " Two spectra uere:obta:ln.ed‘ for each

I'd

window, one-containing true pius chance events, the other ch;;née

=

events. - By appro’priate. subtraction‘-of’the chance spectra :and"the '
Compton background spectta, it vas possible to obtain a resuitont,

X
spectrun of y rays in true coincidence with the desire.d photopeaL. .

s

‘The spectrawere compressed to 1024 chmmels to allow wore. winoon to'

* be sorted in the t:lme available. , Lo : Coe -
In a further (cx ™. e::periz::eﬁt 1nvolving o 0.9 cn3 Ge(Li) '
detectors and a 50 cm3 Ge,(Li) detcctor, the coincidenoc circuit was

modified as «-hown in Fig. 3 7 to recordhcoincident: ‘events bemocn tho

two small detectors, and Betwean one omall ‘detector and the Jdarge .
detector The TAC outputs ‘were st.....m.d digiti..cd and rocordcd on: " ' .' ,
mngnetic l:apo together with t.hc Y my nddre.mcs, using a2 pro"ra: .
written by D. T. Kelly.. Tho t.*ord otmcmrc, ::.;.od fgr otoragc, wes -
sinilar to that mentfoned carli‘er, e.::copt fe’r ttm gating SCA bit - -
vhich was not requircd since tho tize mdmw vere set in tho off-
line analysis porfomﬂd on a PD?-B oo:putor. . J

Stnee éifforont tining pulscs givo rﬂ...o to vov'iatiom in tL..
position and oﬁnpo of the zo_sultant, tim pock, 4 gcz;..ml corging pro-
geea, @'ziggaany mm by D, T. Relly, vas modifled oo ehde the
tico -spootm asseedoted with omch-emr mﬁw cculd &o;o‘bmﬁ;mo'ﬁ
for both pairo of detcctors. "By ooztinﬂ ﬁ.*m Wﬁn g sppropriote

for thc caergy vindou, ¢thi mool%mgtim could bh offoooivoly Fe-
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" Block diﬁgram of y-y coincidence systen for three .
- detectors._ AMP Amplificr. BELR: Baac-Line Restore;\

EZS: Extrapolatcd Zero Strobe. TFA: Timing Filter Amplifiar..
CFTD: Congtant Fracticn Timinm'Diﬂcrininator. TAC: Time- -
| - ’

-to-Anmplitude Converter.'XADC:-Analog-to-Digital Ceaverter.

LSD; Logic Shaper and belay. G {
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S - * i \&7_
duced thus improving the ratio of rrue to accidental events. The - ‘.'f S\ﬁé\: '

> -' & - .
coindddent events were then.sorted in the manner-.already outlined.

.. o

3.4b y— Coincidence Results

14 144 - ? i
e lPr(a;gyy) Pn reaction was studied initially with

s 3 ' . - 'r_‘ A—,r i . ’ '
12 cm3 and 40 cm™ Ge(lL1) detectors. "During a period of 72 hours even:ﬁ

~

were accumulaéed on three ZADD'foot magnetic tapés. The timé regolu- o o

tion was. mlOO ngec (FWHM) with Aa true-to—chance ratio greater than

"10:1. The. detectors placed on either gide at 45° to’the bean direc-

ticn\ -were sbielded from each other by several co of'Pb and Cd to
— ‘ T

) ninimise the detection of backscat:er coincidences. Such tvents ! T
,would otherwise occur 1f a Y ra;\warciccnpcoﬁ scattered out‘of one
detector intthye other:_ Analysis of the data reveéled many coinci--

_dences between lines .in the cnergy ramge 100-400 keV, but veryrfcw" o
outside this rﬁnge; The aobsence of loﬁnf energy lines‘gb partly ‘

»
attributed to the prcsence of nbsorbing naterials on the dctcctora._

. The later singles spectra obtained with.a 0.9 cm3rGe(Li) detcctor.

warranted a %utther_inves;igaticn of the (u,nyy) reaction since mony
of the coincident cvents involved tke previously unregdlved doublets -
at 171 and 282 kaV. |
o | 3 .3 ? 3
In the subsequent czpe:iﬂant, using o 50 e ond two 0.9 oo
'GegLﬁquetechfs, a total of seven 2&00 foot :ngnctic tapcs ware
obtainé& during 56 houro. Sin:n tha detectors cubtcndcd rclatively
onall aolid anglcs, tha use of ohicldinu wao especially i:portant.

Cc:pton geartored cvcnta uoald othuruiuc give vise to ”purinug pcahs

in :h“ cpectra, ond cculd bo difficult to dintingish frca cvcnts of



R ‘ \75;’»

int{erest. The tapes were sorted in the manper already outlined. in the

previous section. The resolving times ‘were typically <15 n -T
144 ’ .0
. The Nd(p ,nw) meas also b.j:ief_ly atudiecl wi’th ,Q9 _cm3
\ 3 . - . . o, - .

and 50 cm Ge(Li) detectors with .-_eomparable'resolﬁing -times!. The

b

results were ccmsistent with those ob;ained from ‘the (u,nw) exp i-.

@

men:/A selection of spectra from the (a,nﬁ') and (p,nyY) coinci ence

experiments 1is presented in Fig. 3.8 except for thosge wix_zdmga pro- T ‘

T

ducing no interesting features.  The results of _the coincidence

. . . = “ ?
- - o a A o :
" experiments are summarized in Table 3.5. /‘ S e - -
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Fig. 3.8,
L
3

Ge(Li)—Ge(L1) cpincidence_speﬁtta. Th§ 40 eo”
jGe(Li) épectta for the 61, '72,a£d sgﬁkev gates were
obtained iu the (p,n) experim.nt. The other gates,
correspond to 0.9 o y 10c=3 and’ 50 en spectta from

_ the (a,nf rcaction. Onec dfvision on the ordinate is

10 counts per chnnncl and oa the abocionsa 100 channcls,

unlecso othcruige.shnun.
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Table‘ 3.5
Results of Cointid'er‘z’cei-i‘hocpgrir_:.‘ants‘ e T
Gate . . Coincident Lines
(keV) - (keV) _
- 60,74 134,71, 140.73, 169, 88, 218.56.
# 7 71.96. L H40.73
- 83.99. . 218. 56 ’
11335 “169.88 - .
. 169.88 60.74, 113.35 _ ’
171,80 326.54, 342. 38, §69.1, 908. 4
218.56 60.7%, 83.99 .
232,41 _"281,94 326.54 ‘
281,94 232,41,.326,56.
.. 326,54 - 171,80, 232,41, 28194, 342, 38
352,38 - 171.80 |
669.1 171.80
. 903 4 1iga :
1058.1 - 218,56 . ¢
-"( e e . n:_!_
/ ::c.".\.
- = _ - o
'., o
Y] -~ S - a : %} .

1




4,1 Introduction - ] o - D
\\ As 413cussed'@n chapter 1, thefmaih4£eatures of the Hu&j odd~

odd nuclel should be well described by the ohell model. This is

140

apparently the case for La gnd 142Pt-in~addition to :he odd-cven

nuc;gi_from 133§b to lasﬁu; .The active protons are filling the 2d5/2’

1g7/2, 11/2, ' ,2 and 35 / orbits whil@ the odd neutron occupies

the 2f7*/2 or 3p3/2 orbtts.‘ The lowest atates should be- characterized

\

.by the 2d 5/2 and 1g712 proton tates vhile thc neutron nay confidently
be aasigned to thé 2f7[2.atate. At scngvha:kgigpcr enezgics thc
reoaining neutron and gtoton orbits ahoulﬂhgpminate, nlthough vibro-
tional states may also be yresent. _ lazﬁd the onc phonon otnte

lies at Wl .6 MaV.) It uill thus bo. convqyient to conoider separately,

the low lying lcvcls and thc highcr exeited. statcs of - &é : .

& 2 Enerey Levels ﬁelcw 600 koV

f

- ‘- " 4,2a Consttuction of-Lcw Energy Schcms

Thc low lying lcvel achzma for 144 Pn, :anstrﬁcced on’ the _A

-

basiq of thc "pcrimsatal uork daqcziﬁcd,in chaptors ) 94 und TI1, io

ohsun in Fig. “&.1. Thc mnst chvicus feoture of tho sca__~ iﬂ the

i3 a pop of =ore thaﬁ ééﬂ k;V in vhich mo lcvcis aze odsezved. A
14

siniler feature is alno procent ﬂm %&a lcval ﬂc&c:-0ﬁ 292. Eﬁn

. otTeajest v tr:nniaicnu &@zwmcn those statcs Bave Been pla c& by aL“

: s

79

srcup of 12 lcvela up to s eﬁcizaticn of 514 LQV, boyond ua_ch zhwrc -

i
!
i
L
Lot

L2
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coincidence éxperiments uzing the (az,n) and (p,n) reactions, Heéker—

Y rays, not seen in the coincidence spectra, have been assigned on the'l
- basis of energy fits. The line at 3&2 38 kav nay actually be a

doublet since its position in the level schece is confirméd.by.thé

coigcidence.data‘buf does not give a oed fit.dh the basis of emergy.

The level energies, co:puted froz— v ray ¢nergles, are in good: .

agrggnent with those obtained fron the proton transfer experinents.

The spin—parity asaignmant we:e deduced by applying . the simple shell

Ve
.model for these gtates; to explain both the particle and Y ray reaulta,
discussed in the following eections. C = o
o ’ LoF

4.,2b Parity Assigncents

The low lying levels in- 1bp are populated in the (3Hc,d)
and (a,t) reactions by proton-transfers vhich are consistcné ﬁich
mixed 2 values of 2 and 4 o genczal shell nsdej]cohsiderationq

odd 2 valuaa of 1 znd 3 shpuld net contribute, aleh

~

sh-2=5 duc to
the 1&11/2 state could Be prc enz.r It i clcar from Fig. 2.7 that
ncne of the states have the lattcr assiguabnt.‘ It follcirs ;hat-ﬁyo
stntes havc the gamo paritg as the targat ground ntate'viz;negative

o al A ) - " 7 »

parity.

oy

$,2c Sﬁin Ascign,~nes

Lccording to the cizp la choll mmdcl dimcnssc& in ccctien 1, 3,

-

the otate vcctors shcald buv~ tho. Eora

§.m> = uliwzds ,2\;2??/2.3*» + 8yivlg, !2\925:'? 237 }: o |
cod Iiﬁ:z = gziQZﬂslzvzf?jé 3> Gzialu?favZE?IZ.Jﬂb N




" The resultant states include 6 pairs of levels with séins éro; 1to 6
as wvell as a spin 0 and a spin 7 state, all having negative parity.
The dcminant wode of decay for all thesesxates, except perhaps the
lowest lying, should be transitions involving at least soz Eﬂ.admix-

ture, since cheyiuill be very much faster than the other allowed

,‘multipoles. This is also suggested By the experimental studies of
138

s

Cs (Monnand et-al. 1972), 140, La (Burde et al. 1965/_and 146,
(Antman et.al. 1970). R ISr then possible to assign a wnique spin’,
' to each gg/thq lévels on the baaisfof the following assumptions:
1). levels’ are described by the vave<$ectora given by

. O
—~

equation 4.1. ‘ L

- 2) " A1 observed y transitions hnve some. Hl.admixture, 50

that AJWO, + l.

~Ag a result, the naxinum nu:ber of allo'ed tthnsitions, involving g’ _
a\ , . __,J
given state with spin J, 1o fiva for Jw2 3 4 gnd 5, four for le " .

and 6; aﬁd two for J=0. and 7 Tha vpin and parity of the ground state
hags been m,asurcd by Arya et gﬁ. (1971) and found to bc 5 .

' Tha atate 5E\279 koV, which 13 fod by tho 363 koV stata dccayo
to four atatcs, thua involvinn tha nmximum muber of transitions - _
alloved by the model. The opis og the level 1o therofore zeatricted
" to 2,3, 4 or 5. Ifrits.sﬁin é@re 4 or Sf'bcéeéci. one of tﬁo | |
qEillawéd"frﬁnn?tiéﬁa:éouid Be to éhe giound aéate. Since this is not

i

the cace, its opia must bo 2

2z 3. Tha 218 ch " zay, Lhich de-cﬁciten

the 279 keV agate, anqj;hm;él v y ray ‘e ths gxound state are in - o,

-

procpt coincidmadb;' Sinéc : lattcr zxamsﬂtian cannot be pure Ez from

lifetihn cons&darnticﬂs, the 61 Y atata han Jw& 5 oz 6. To accgnnt )

T
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1
I

e
i

for the 218 keV y transition, the 279 and 61 keV states ust have ‘
spins which differ by at most oqe unit, Hence J=3 for the 279 keV

state and J=4 for the 61 keV state. ) : ; - "‘ -
Tt follows that the othéf foux states ‘which feed ov are fed
3 . . - -

by the 279 keV state (363, 207, 80 and 67 keV) have J=2, 3 and 4,

while the remaining low 1ying'sﬁateé nust have J=0,-1;, 5, 6 or 7.
. — )
It will be convenient to consider the states in the latter ‘group
P - | . : .
first. - ‘

- |

The 195 keV-state decays to both the 61 keV state (J=4) and
the ground state {J=5). Hence J=5 is the only poﬁsibility for
. Jb , .
this state such that AJ<&. Also in this group, both thc 172 and =~ -

-

232 keV states decay to the ground state, and cust thereforc be the

L3

two 3-6 gtates (JuS con be ruled out sig;a thb mndel allcwu oaly tvo

*guch stutes) Simildrly the 514 keV statc which decays to the 172

and 232 keV states must be the J=7 atate. The enly rc:aininu state .

-ﬁﬁlonsiug to this group 4s at 250 ch and gust be J=0 or 1 cince the -

JnS, 6-and 7 statcg have been identified. Thc le unsignzcn: 13 thn;

only possibility. howcvar, since the 250 kev state_is.fcd.by thc

3863 keV state which belcnﬂs to thn otﬁnr group of gtates for vaich

J 15 at least 2. It follous in:sdiately that the 363 keV otate must

have J=2 for tha AJ<1 ccnditicn to hold. N |
The stntcs Eor unich no apinq hsvc &ncn a,sigacd are at 67

CO and 207 LoV and are in the group with =2, 3, a=d 4. Oa ehe bas

of ‘the rodel, oze mmst have sz, ean J=3, cnd the othwr Jub sinc,

kS

th- othoy J=2, 3 & statcs havo beco idbatificd



e

The 80 and 67 kéV states must have J42 or 3 since the 363 keV_ state
(3=2) detays to both. The 80 keV state is fed by the-250 keV state

(J=1), 50 its spin is 2. It follows that ‘the 67 and 207 keV states

I

_ha%g J=3 and 4 reSpectively.

Thus it’is pazgible to sat%?fy the wodel andfh;ve every ' -
observed transiti&n correéﬁ;ﬁd to_AJwQ Qf'i.l; Furthermore, these =
constgaints restlt in a unique set of spins as'juﬁt explained. it
is true that there are additional M1l transitibns which are not - .

. observed but nearly all of these unuld be quite low in energy (for

- example ) the Jﬂ& state at 207 ‘keV could decay to the J=5 state at

’ 195 keV), and so it is not unteasonable that they would escape detec— -
tion. The possibility of a veak trannition betwecn the 232 and 172

ke? states (both Jﬂé) cannot be excludcd because. thc transiticn ) .

N energy is essentially thc sazg as the c;rong 69 74 ch Y ray.

" (Cotneidence data :I.ndicatc that cich o branch would be <IZ). Other: - |

a

transitions that should be allOW“d but are not' sgen, are bétueen o
tha.znj key state (Jabl and thﬂ-ground (J=5) cnd first cxcited 5 , \\;

(J=54) statcs.’ With fhe.wave.vcctors calculatcd in’ secﬁion 4,20

£

; .‘5030-:rnnsitions are prcdié‘éﬂ to be. very, vnty u"aL-

4, 2d onton Transfcr Rcacticns

The'opins dcducc& on the b“sis of the vy rcy ‘work are in gocd

v ‘rv'

ovcralltagzec:cnt with thasc allcaud by th“,proton tru“nfcr cxperi-
conts. A ccoparicon is given in Pia.‘¢.8. Thu aﬂrcczﬂut is poorcot
for otaotcs waich arc oot wall rcqokvcd and thus may be o cunacqusncc '

[

OE the pcak £ieeing procedurc. ﬁ czmzinnmicn of ?is. 2. 7 indicatca

s
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a general pattern. If a state lies close to the £=2 curve, then the

-
l\‘e

other state with the same spin lies close to the zvé curve. Also the
spin 7 level is consistent with pure Lmd .- These observatiens’are to

be expecged from our model aesumptions..
The spectroscopic factors extracted from the proton transfer

experinents gilve some indicgtion of the consistency of the simple

ehell model of‘tye low lying levels. The sum rules, éiscussed in

2.1b give T T o r:;
" 2 2 v L
La =78 =1, for states with the same spin, except for
) _ J J . _ ~
J=0 and 7 where’ 1

2 = 0 and Bz .
Toble 4. i shoys the meaeured values of & az, vhich are of course
equal to I 32 Althnugh.the spec:rosccpic £actors could not be
extractedJexactfy for- each state, there is sutisfactory agregment

ot

2
for the adopted spin assignments,

4.2¢c y Ray Intensity Ratios

A otudy of Table 3.3 and Fig.-4.2 reveals that v ray 1ucansiﬁy

" ratios, neasureﬂ froo the (p,n) and (a,n) reactions, vary by almost

cn order of megqitede, the (p.n)l(a;n) ratio being smallest fo: Y rayo

devexciting hich opin states and:largcsé for ¥ Tays de—exeiting low
- opin states. This is consistcnt uith the gcnc:aia;eaturca ‘of (u,n)
-and‘(p,n) reac:icnﬂ, The (p,n) reaction 15 cxpected to favour the
popﬁlation of reiatively lcw spin states. wherees the (a,n) rcacticn
“cheuld produce all sptn gtates of Interest feirly eanily. {Tho |

gtarget Spins ate 0F ond 5/2 rcspectively )]

5

1
i
i
!
}
:
%
)
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i |

- Toble 4.1 s

S'uxmeq gspectroscopic factors from proton transfer reactions to 144Pm
B - 2
Spin ~ Energy L oy
(keV) - J __5'/2
1 269.9 . . >0.25
. 8.0 - - s0.77 -
2 R P |
o §6.6 . 20.92 . -
3 Uz - '
4 {607 20,90
O 207.4 . -

0 T T 1.15(20) -

5 Tagsg T .
c e [ 1718 o 0.88(20Y
E N S
7 - Su.4& T <D.05
. N 3 - 3
/ | N
| )
- X |
{ . - _
{
! 1
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« Fig. 4.2 )
Y ray intensity ratios for the low Iying- states in J‘M’P::r'
and 15'21’1",. populated in the (a,n) and (p>n) reactions. E
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A sinilar dependence is also found fren the 139 e e
and 1420;*.(]: ,njla%t experiments carri;éé out at bezm energies of 15 E’n;:'"
and 5 MeV reépéctivélj.- The. similarity is mcouraging ..,ince the sping
of the low lying levels in 142?: are those found fm:x the (¢ .p) zand
(n,y) ‘work of Kern et al. (1968). The curve, Emrever, falls off more
rapidly for :{.ncreasing spin values on accotmt of the lozw T protcn beza
'energy.‘ - - L o . ‘
The 2 ray intensity ratios froa the 141? (n, y 1“‘1’:& reace.icns |
" at 16. 5,and 20 HeV reveal a quite d{Efe.teat ‘fmt e:rpect:ed variatian
as shown in Fig. 4.3 "i‘he curve *"htms a shallow minicum-between spins
2 and 3 which can be fed by the transfer of mmbu;ﬂ angular Tomentun tc;
the 5/2 target state, znd are thus strongly populated at. both enﬂrgies.
Fgr other spins the reaccian at 20 KV is_ capable of traasferring
more angular monentun tban at 16.5 M..V ‘thues accmmt:!.ng—fur the- gcnﬂral

chape of the curve.

Thiso c.cuid be a very mcfnl apprmch in determining nuclear
spins on account of its sinplicity. Gae rcquires:- y ray intensitics
froa two reaction.;, uhich px‘o&uca the states of i.ntercsi:, or cae AT
reaction at diffcrent: bombarding mergics. In most ¢ cases tha Y ray’
ratfo dependence on spin my Bo dvduccd c:':pir{cally fren a knaulcdva

of the general s:'eatums "of the resetions, oz coastructed ﬁzcm ainilar. o .

rcact;.cns to n_ighbcuring nuciei whero tﬁe spﬁn:z are fmcsm.' The cl‘wm

- . of th., curve “u‘.t rch._ma strmgly cn the trnsmicsim caefffiicicnts o-

N

the incidmt md wtgomg p&rtﬁ.cics. ond c"‘ cource thﬂ m:{;c%: spin.
The 1cvol dens*ltico of gho ccm;zamd and ”csiﬁual m.clci zust oloo

play coom2 mle, aim:c gho e&mmﬁ y taye mﬁ.m &’zm mmzcs uhﬂc'x cm-

]
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A s
be populated directly by neutron emfssion frcm compound gtates, or
indirectly by the decay of higher states in the residual nucleua._
The decay properties of the latter states would thus Be;nzadditiogfl
consideration. In the present experimants the shapes of the curves, )
-do not exhibit appreciable fluctuations and eould suggest that a
- detailed kmowledge of the.nuclear level densities and their decay
modes (a formidable undertaking) is not required. A statiatical
'”description should be sufficient in cases where many?compound and o
residual nuclear states are populated., (In the preaent experimgg&? | T

using thick targets, states up to an excitation of ng Hb? were

accessible.)

- It would- be 1ntcresting to. axamina the feasibility of chc

tethod for extracting spins of levels. espccially in regions of high
level densitics vhere the statcs~ara isolatcd only by Y ray experi-
'mants. The approach, how gver, would not be approprinte in coses -
where a reacticn is acnsitive to the datailcd atructure of thc com—

* pound and residual nuclei. Eor exzmple, resonanca phcn zena observed

pa;;icularly-in ‘the study of ligﬁx nuclel vader’ ccrtarn cxperincntal F

_conditions could giva rice to larga fluctuations in the dependenpe of
Y ray. ratio on 5pin. ﬁ.

4.2¢ ufetimns 1 T f s oo

P

Frcm ths ™Y coimcidcnca emuuriﬁﬂnt¢ ﬁt 19 posaiblc to oot

uppoy Iimitc e thm lifctinus of mnﬁt states, simca aina spccmmnt»
roagured for caca v xay uindua. Uitﬁ he cxcaptioa of tha 185 and
-

«ﬁ353 |\ states, fer mﬁith.&h_ ccincincmc@ ém:a were ﬂmsuﬁficicnt, all:_.

e

ceoees have lifatfmzm which mxn alﬁ ﬂﬁ@ﬁg z&e zypﬂcag FEEW o§ t%m



g

ti:;.. spectra, and are probably smaller than thiﬁ linit.

The M1 Wéisskopf estimate for the 61 keV y ray (the 10west‘*
- energy iine observed in the co cidence experiments) gives a y ray
lifetire of ~10 13 Bec. -For higher energy Y rays the estimated lif;-:
tizes will be smaller. “The 80 and 67 keV states are assumed to decay
via fast low epergy transitions which hzrve no;:: been obaerved directly.
Lifetize estimates for the lowest énergy transition, ‘between thea67_
and 61 LeV étateé, give‘ah'ﬁl f decay: lifétiﬁé:of'mio's':secc ﬁy _
including electron conversion, the estimated 1ifetime of the 67 kév S ) %

_state would be 2107 10 sec. A sinflar lifeeine 1o predicted for the

-~

[l

decay of the 80 eV state to the 67 kev state. (The £2 tranaition
frca the 80 Lev atate to the 61 keV state uould have a lifetime of

mlo—s.sec.) Ho supporting evidenca hﬂs been found in the presgnt work

>
to confirm the existence of a 60 day activity in lﬁé?m ~ Suggested by

o

. Pﬂsden et al (12631_ The expcrimental details are given in
i -

P

LB

Apuendix_&q

.‘ - . . . N - . . ’ k]

- 4.2 Branthinp Ratioz K , o . o = ;'

' An irportont test of a gfvtn lcvel achema 19 thc ceusistency °
of the btanching rntios detezmined ftem differcnt reactions In thoe ‘
cace of the élPr(u,n) Pm.and .Hdip,n) tcactican the Y ray -
intcnsities uure measurod using thc oa=e cxperimnntal set up. By.
taking the zatlos of the obﬂazvmd intensities of cach v'rqy branchinﬂ

q‘rfrc: a given Icvei eae can makm o mnra tcnsitive tcﬂt of tam levcl
schena, uiﬂcc dctectct cfficiencies nccd not bc kncwn. CQtrcctigms,__

hsttvcr, Tust be,mmdctfoz ¢ Tay absorpeicn ﬂm‘thﬂ Eazagts. ‘Tho com=,. - .

. . , - ] - . . , . . [



puted intensity ratiocs for the different levels presented in Table

4.2, are generally consistent excePt perhaps for the lcaes: energy

lines at 72 and 84 keV. The small discrepancy, howéber, is prdbébly

‘not significant since the calculation of ¥ ray absorption in the tar- | ‘“\§
get, employed in“the (p,n) reactiun, ignored irtegularities in the . |
structure of the oxide target as well as  the preaence oF both carbon

and oxygen in both target material ‘and glue. The respective attenu-

ations of 302 and 232 calcula;ed for the 72 gevland 84 keV lines

should therefore'berincreased. | ' . o S L .

The expericental branching-ratios also provide a senﬁicivc

.

test of the :odel for the low energy levela‘ since the presence of -
relatively small udmixtures in the wave:functions can "pprcciably -

modify their decay properties and wnuld not be detected: in the proton b
[«

transfer experimbnts. Asg uming that :he state vectors havc thn forn i
given already inm sccticn 1. 3, the "prcssian for the M1 tronsizion
rates betwecen states dcpends cn tho amplitudns u and g, th's relativc
" phases in the wave functicn, cnd the valucs of the gyrcmagnetic ratios.
Tho lat;cr con be dodeced from the cagngtic zomont data for the ground
states of 139La .lélir.aﬁd-IQICQ anﬁ'are—givcn'in Iabic 4.3, “he
1?'91.3 and 1461 Ce valu~s are thsce cmploycd by Kern ot al. (1968) end
‘Jurncy ot al. ‘(;gm), vhile tho **'pr valie hao becn taken from the
vork of ch (1970). _ T f . Y
4 ﬂuﬂﬁﬂiﬂ” tho tzmasiticnn zo bc puze ml, ths **plitudba and phaucs
tere varied to best fia gha cnpcrﬁm:ntal ﬁrsnching ratina. Sicce the 2? _
phcucs aze c:ly relaaivc zhmy u*ra,chcscn co thoe § for tho gzcund

2
otatd’;nd mll €3 UTTo pcuﬁeivc.- The criterion for‘gccaneaq of git, X7,

o

o
v



92
~
. Tgble 4.2
(p.n)/{a,n) y ray Vl}pgtensi,ty-ratios , i
Level - Branching y Ray —éﬁrl‘-;- Intensity Ratio
' 514.4 281.94 - 0.332(21)
342.38 <0.37
363.3 '83.99 7 3.85(43)
' 113.35 6.29(28)°
283.16 4.17(38)
296.56 14.79(26)
279.3 71.96. foi 3.09(36)
199257 T T v) W
: 212.62 3.84(45)
. 218.56 T 3.58(64)
195.4 - 136,71 . 1.76(D)
' 195.42 1.61(8)
.

o
q
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Table 4.3
CGyromagnetic ratios used in branching raﬁio analysis i
Kucleus Shell Effective Gyronagnetic
. - Ratio
139 o o ovan .
14 S q
. 21py 455 1,65
141, S |
Ce .‘f7/2 o ."_0.23




ig defined ‘as 2

.- XZ -t ? (Rbi-Rti) 42 - T
. N—% i=1 ARbi S :

where N is the number of rat—ios' considei:ed 'Ro'i and Rt:i are the
_observed and theoretical branching ratios for the 1% y'raf;“ghilc ‘
) gy

oi is the error associated with R

oi® -

[The exper:[ment:al braﬁching ratio.,, "'ployed in the :malysis
vere those measured in the (a,n) reaction at 16 5 Fhv gince they are
the more precis\_and less dependent on the targﬂt absorptiou corrcc- A
t%EJMn@me&mtm(mmrwnmm memmdmmdenwin

each branchin ratio was determined using the rclaticn
2 ‘

AR : AT | : |
(..ﬁ.‘ll) = I ( ij R ) ( i) » vhere AI, is the uncertainty in the
\ Y03 Ny : R .

i.ntetizs;ity%i (after cot;éqtion‘for tafgct absorption and gfiicicﬁcy)
of the 1;h branching. vy ray-. ‘Thé,buzznticn.ex:ends‘u?er alliﬁrénchaq‘:u
of the j level.' - . ,7 |

" Inm order tofind miuima for x . ths initial search procedurc '
' was otmplified by considering'tha brenching of eack level ene at a -
tice, Tha wave vec:or cmplitudes of a 3£vcn level, znd tha"e to which
ic dccayed UEID varied to minimise_xz. All possible m trhnsitions
" were considered in the calculaticn exccpt thosc very low cnargy
| 1ines at 6 12, lb and 37 koV which cduld not rncdily be detccted.
Upper limits vere cstimatcd for tﬁc 146 znd 207 Lﬂv linca branchia,
from-the 207 LcV ctate and for tho 60 hnv branch Etc: t&c 232 koV sctate.
FPor these utatca cbluticns congistent wich the zimizs warc soneht.

In ccveral cages it wes ccnvwninnt ta cczsi oT culy aczn of




t S s T

<

the branching y rays, so that the initial level, ‘and thoae to-which T

N

it branched; involved only Ewo differentnépin values. (The branching

. ratios were appropriately scaled ) Inm such a case onlv WO variables
had to be considered on account of normalization and orthogcnality
‘ \‘requirenﬂnts. Values of xz for each ¢ cobination consideted vere found )
by varying the amplitudes over the allowcd range. The xz depeudences
are Qhown in Fig. 44, - 'j h |
The approximate wave vectors found ftom Fig. 4.4 for- each of
- the states were theq employed as inibin}‘estima:es in a final,searchn
in wﬁich all wave vecﬁots wé:e‘varied siﬁuitaneously-tqlmiﬁimiéc xz
for ali\branéhing ratios. - In the case of unoﬁserved biﬂnchéé their

>

contributions to x2 were found by aasuning the intenaities to be zero‘

and taking uppetr limits as the uncartaincies. The 1 atato at 250 Lev
however, was not initially considercd in the search since it 1nnosas
no conotraint on che vave vectors of tha other staces.- Once the five - ‘
acplitudes (for J=2, 3, 4, 5 and 6) wecre dete:mined ftcﬁ“Ebe ten ‘
expericental ratios, the 113 keV T:nay branch ;ofiha ZSO-EQV state
vas 1n§1uded in a ged;ch in vaich the wave vector of this state alono :
\m’(aria@- _‘ | SR |
Two cets of amplitudcs, given 1n Téhie_&.é, wa;; foﬁgd-:o R
gtvc approximatcly the sane valus of xz. 'Thasclsolutions c;;:esvond
hns: closely to the wave vectoro cztra&tcd Erum the proten tranmfer
'cxpcrimanto. Othgr solutiens may alse exist for apprcciably.diffgrcgt
clitudes for pozc of tha.atateb. Fer auacple, ome cza obtain on
equally geod £it to tho czncrizzntal bzunchina ratica by tﬂLins
lu! = 0. 99 cnd 8] = 0.17 for the 250 LoV otate, vi.tiwut codifying
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| Plg. 4.4 :
2. : ' 144 |
X~ plots for branching ratios in P, For pairs
of levels with the same spin, the 8 acmplitudes of _onl% ode
of the’levels is plotted, since these determine tho
a;zpiitudea of the other rlq.vel‘s. ‘ |
- .~
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' | Table 4.4 N
- ‘cfbm;;ariaon of _wave ﬁecfom '
o ‘ deduced from t:he. proton transfer st.ud:lcs, \ -
and those detemined from the
experimental e ray biranching rati.os : ; . o i ., S ,_
7 o Piofon Transfer Studies Branching Ratio Analysis i
Energy J 2 N L . ,Solution I ~ Solutien IT ‘
(keV) SR IR ol el -~ lel -}
0.0 5 1.061) 0.0(3) ~1.0  0.0032 1.0 "8:0050 -
60.7 47 >0.8  <0.55 a0 0.010 L0 0.0022
66.6, 37 - >0.84 '<0.55 - 0.50 0.6  0.50  0.44
8.0 27 >0.8 <055 ., 098 . 0.20 0.8  0.20 .
171.8 6 . -0.87(8) " 0.50(13) 0.85  0.52 - 0.85 0.5
195.4 s~ o, 39(16)  0.92(5)  0.0032 1.0 - 0.0050 1.0 ﬂ
207.4 & 0.45(11) - O. 89(5)_ ©0.010 a0 - 0.0022 *1.0
232.4 .6 . 0.36(12) "0.93(5) ©0.52  0.85 - 0.52 - 0.85
249.9 . 17 0.50(10). 0.87(6) . 0.76. - 0.65 . 0,76  0.65
219.3 - 377 © 0.47(10) 0.88(6)- 0.44 . 0.8 | . 0.46 0.90
363.3 27 . 0.26(11) 0.96(3)  0.20 . 0.88 . 0.20.  0.98
514.4 77 <022 5097 0.0 1.0 0.0 1.0
__;‘,. i o - . _ -
\ . L ' 2
An 1nd1catcd in uacticn 43 2a the %2 33 Lev M.na r.::ay be a c!oublcz, in
which ‘case the Jué uavu veczom muld hmm to be mdificd.
) R
- ' < .
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che cmplitudes of the ocher states given in Table &.k - For. eﬁch‘of :

thc tabulated aolutiona thcre are four posaiblo 3ets of phadea. giving

the pome theorcticul branching ratios. _The alloued phnnes are ‘showmn

in Table 4. 5. A coqparison of thc experimbn:al and’ theoretical

.branching: ratios, prascnted in Table 4.6, nhoun reasonably zood’ agrce;

mant except for gome ‘of the very weaL brunches.‘j ': .:- o _  5

- The agreenent, betueen the calculnted and exparinantai branch-

ing raties 19 much better for 142?: (Kcrn ot al. 1968) than fdr laﬁPm.
This’i;H;ost likcly due to thc fact that the configuration oixing ¢

e

botween, theﬁ2d51zrandflg7lz—proton stateo is nuch smaller in iéégn. B

This is not aurpriﬂing sincc the splitting bc:uecn thcsc gingle

pgrticlc states ic app;oximatcly twicc as gtcat in léﬁ?m. As a. rcsult,}

Y

relatively small admixture of. additional ccnfigurations in the lcu

lying levclu of &éPm,wnuld play an importanr rolc in daterninino 5

‘ . 1160,
thoce decay prope:ties. Thia wao ‘algo Eouné in thc case of La

(durncy ot al. 1970) -

e

&, Zh Ground State Mapnctic-ﬂbmﬁﬂt

n:ploying thn :cchniquus of low Ec:pc:aturc neclegr orien:a—

~ ¢ien, S’nirf_cy ot ol (1961) detamincd tm ground ctato m:mtic

=omnt of % &?n. Frcm t&nﬁr naa;urcd leuu of ]u[ = 1 63(1&) o for

J-S, they ccncluﬂcd t&aé th” stiz pzotcn cunfiguraticn wag. Esvauzca,
althouph o ﬂztoau “7[2 q&ﬂiﬂtﬂfﬂ was liknly in vicu of the pronimity_

el

of eh~sc v statcsqin eho a&d nzcﬂnaaiuz ﬁuﬂa@pCﬁ- =
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‘ . Table 4§ o
| Relative Phases for § Amplitudes '
Energy 3" ~ sign g °
(keV) :  Solution I . Solutiom II. - -
. T - :
0.0 5 +7 4+ '+ 4 + + o+ F :'

60.0- & v o+ o+ e - - = -

66.6 R A + 4 - -

80.0 270 ¢ - - | + : + - -
171.8 6 - + -~ + -+ - 4

195.4- 5. - - - - - - - - ‘
207.4 4 - . e - + o+ + +
2324 6 4+ - + = + - F -
249.9 1+ - - e - -
279.3 3" - e o+ & T T
363.,3 2 - -+ * . e 4
514.4 T+ L ey
1
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1
. © Table4s .
Comparison of calculated and experimental branching raties
Initial J3 Final -3} Branching Ratios
State © State o ~ Experimental Calculated ., -
(keV) . (keW) S . Solution I Solution II
S14.4. 77, 1718 © 6 40.1(1.9) . 40.1 - 40.1 -
363.3 2- . 66.6 3 40.6(2.1) 41.3 41.8
- 80.0 Z 22.7(1.7) 15.1 14.8
249.9 1~ 10.7(0.7) 10.6 10.6
279.3 3 26.0(1.9) -33.0 32,8
219.3 3 0.7 4T T 6166 - T1.0 .7
66.6 3. 0 -a52(5)" T o.n 0.69
232.4 & 0,0 5_ 100 99.3 99.3
171.8. & <1® 072 .- 072
207.4 4" 0.0 5 <1 0.21 S ol
- ’ 60,7 & <l 0.002 <0,001
S 66.6 3 100 99.8 99.9
195.4 57 0.0 5 © 18.3(1.0) 18.2 18.3
60.7 &7 . 81.7(1.0) 81.8 81.7

F This bfan;h_woﬁld'nét h@va.baad resolved fren tha 60474 keV v ray.
. LR - . N 4 ) ; )
_The linft has been esgimated from-the 171.8 keV gate set in the (a,n)

coincidence cz@eriméats.

¢« - .lgl. ; o | o e
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If ‘the neutron and proton orbits contain at nost ome unp‘.ired

nucleon, then one can express the mgn_etic cozent in terms of these

configurations as

o o2 uis 1y e 2 e
7 IIJ .QJ u(“stlz\’Zf?lz'J) + (1‘03)“(?187/2V2f7/2 :J) 9.2

where .u(EZd 5/2 \;Zf7 Iz.J) denotes the. mgnetic mment: for a gtate with .

spin J arising fro:n the z2d u2f 7/2 configuraticq only, u(vl u2f7

5/2 %172
being define_d in a similar vay. Using the experimentally meagured

. -

;agnetic wonents: of the neighbouring odd A nucled, equation 4.2 becomes
Msas = 2421 a7 # 1.23 (-2 mi.
Taking u Ja§ - +1.68(14)t_m glves uz = nO.t’aG(l&). in strong disagreement
with the present work. , | o -
A possible reason roz.' thﬂ d:L...crcpancy my be the uimplicity

of the nodel which has been azployed to cxplain th.. protcn x:r:msfer

and y ray data. Other components which would be present in thev,grounii '

+

acﬂ:ate wave funceion include those from the 72d amd

3/2¥%5372
_ u1g7 12\’31’3 /2 ccnfigurations Siuce ‘tho 32d3 Ii'ﬁtdte occurs at on
excitotion of ‘\-1&00 Lev in. 1&3Pm,ﬁgpssiblez adnixturc:s of the formor
configuration are not cxpected to be significant. Em-rcvar, to c::pl_ain
the mgnctic cozeat masurmt cne would then have to pcstulata

>202 adoixtures of the latter configuraticm.  The a {d,p) _mnct.icn to
140 '
the lov lying lovels., The cbsew“d r.mgular diszribu:icns £or thesc
otates are censisgent r.rith pum 2=3 ‘eransfers {H.cm 1967 - 1983).

144
Large adnixtures of wps j2 in tl:c grcmﬂ_s_mm of I?m vould th}.s

~

| gecn valikely. Ascuming an alwost pure 9_2:3512\;257 2 grouwnd ctate,

Lo and' 1‘*2;;, weuld be smigiﬁa to cv:m g=all 3p'3'lz ccm?oaénto in .

/2:3)‘

o
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s

. | L e .
.:ln agreem.nt with the proton transfer results, it isg surprising that
r.he experimen:al branching ratios can be rea.,cn‘.bly well reproduced
but not the_ ground gtate cagnetic moment (also an M1 patrix elezent).
Another possibility which cannot-be excluded is the uncer- )
tainty in the ficasured value of the cagnetic mozent. If its value
were larger by '\4202 then all thu expcrimnt:al data would be consis-— ..
' tent with the relatively s:l:xple ﬂhcll codel. In light of the con»
giderable uncertainties in esticating the paﬁmcters required ior r.hc

nmagnetic mc'ment reasurexent such an _incrcase nay not be wmreasoncble..

4
2

A

A more up-to-date determipation of the nognetic mozent would be very

useful in this respect. . o v

-

4,3 Energy Levels Above 600 ke,'f*,

4.3a Construction of /Bigh Energy“Sche::c

Th.. experirzental level uchema, deduced frem ths proton trans=- -

for ond y ray studies, is shm 1n Fig. 4.5. Dearly all the leovels
ht:vc ‘bccn 1dcnt£fied in both thoe (BE.G, d) ond (n,t) rcacticns Tha

decay r.oded for o oze- of th., %utcs TeTe fmmd froa y-nf ccincidcncc _

+ -

e::pcrim..nts, and others were dcdz.cé'a"‘fra:: cnerpy fits alonc. Thc
y ray and spin assignzeats for this achc::c aze > ouch lc..»s cortain than

_those for the iov cneoxgy schome, o1 sccmt of the unitcd data

o maMlc.
\ .
| In tho cose of tha 1cu e:z.rgy sw,c::: the v 3y ﬁ.mc..siay o

ratio'- cxhibized o 9TREn3 é*::p:ndmca e the cplas of the dﬂ-c._cﬂ.ainn

levels. This dﬂ—:ma:m:c fos.beea esed o Gu&:ﬁaﬁ'ﬁ' opino for tho highor

¥ =ays m’nﬂ.ch wore 1o ccﬁn.:mcnco ghowed thot the

G

cxedted cmtcs_.

-/
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' : . x:!ig. 4_5 . - 7 . F

Proposed high nefgy scheze of fg;ng(>600 kcv);'

Tentative . value assignmants are also included for states .

>600 LeV. )
. . .
vy 4
3
¢ B
.
M
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- ' * ’
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dependence does ?ot change dmatically for the high energy transitions.
 For ‘excmple, t:he 669 and 327 keV y rays have- (p,n) /(a,n) intensity

ratios of mO .25, mplyihg a J’n‘i a.,sigm:ent. Coincidence data show

‘that these Y ¥ays follow the decay of the 841 keV state ‘to the 514 ‘MV‘.»,”

(3=7) and 171 keV (.I==6) states Al 80 from the coinciderice data, the
1080 LeV state decays to the 172 keV state via a 908 keV y reiyf wvith
an :Lt’:ltensity ratio _consisl:ent with J=5 or 6. The deduced spins for
the.B-hl ;and 1080 keV states are thus plaus_ﬂ:le. 1s;:an:a the 569, 327
and 908 keV y rays codld be fast M1, EL or E2 ttansitions.

The 218 énd IOSé ke‘V colneident ¥ rays éstabi a. 1eve1 at
1337 k.e.v which decays to the 279 keV (J=3) state by/the 1058 keV -
y rays Since the _\79 keV state has J=3 this l'avel zust have 1 < J < 5.

The (p,n)l(a.n)

tens:!.ty ra is 4.0 vhich is consistent uith a
clu

<f
\ des that the 1337 LeV state has

spin of 4, 5 o 6, .so_r_mé _'
Je4 or 5. 4
It is thus rea..auring that t!w spins of the 8-51, 1080 and
1337 keV levels, prcdicted on the basis of Y zay, intensity ratio.,,, .
are consistent with low multipolarity (_2) for the o&served Yy Tayo.
All ¥ mys observcd in bot‘h ths (a,nd amd (p,n) reacticns. have inten-
olcy :atios‘ 1ying'batm:en 0.1 and 1‘.9, npproximately the geme ldoits
_.observed for Y ¥ays i:n the low enorgy scheme. The repaising 7 y E3YO .
-had fntensity ratio limitf' m*ﬁic& were also in. th:m range. {The
poésiﬁle limﬁ:s sot by._t:hﬂ *permnml data are 40,01 and A1C0.)
Hence opin msigmmts fozr t&m high CBOTLY lcvdls, deduced fron- Y ¥3Y

intcnnity rat’:im ubuld &'PP@&T to be gwsiblc.. S

R . : R

-

i
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i
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seen strongly just above the

The lines at 8(}? and 819'kev-nr-e

(p,n) ’threshold.; They ‘ar.e _greseﬁt at pfbﬁbn bean energies >4.5 MeY'
but absent at eﬁergies <4.15 MeV. Since the ground stal;e threshold “
15 3,2 H._V these y rays must otiginate fton levela <1300 keV.
Furcher since the strongest -;F'rays observed just abwe threshold
presumably arise fram.low spin s a_ltes, the lines at 809 and_319 kev
'ﬁust feed similar statés at excir:ations <500_kév. Their (p,n}/(a,n) ,
inl:ensity ratio also indicates 101;1r spin. The 250, 279 and 363 keV
states rust be ruled out sincc the lines would have been prcsent in

| the coincidence windows (assmning states are not iscmric) - It is
a..sumed, therefore, that the 809 and 819 keV -1ines fecd the low spin 1
states at 67 an& 80 keV fron levels at. 875 gad 899 kev ob.»ervcd in
:he particle worlr..-, Althouoh lincs fecding the levels at 80 66 and
60 kaV states would bc in coincidencc with ‘the 60.7 keV Y T35, the

‘..

“emall detection effi_cicncy :md high internal comnversion cocfficicng._

. (6.6) for a 60,_,,?"'i;ev Ml trancition, would pake -1t difficul;’ to

observe guch lincs :Ln cofncidence, . The 809 koV line could olso be

a ground state transitiou from.a levcl uhich is not populatcd in the

protcn trmmfer bork. The spin of ﬂuc.h a level could ha ca, or

pessibly 3 if the t ransiticn were E2. |

Parity cosigrments have ’achn ﬁ,&c for comz of the lcvdls '

vaich vere recolved in both the (aﬂa d)'.:md (a,t) reccticns. fhcy : / ‘

;réro écducc;;!’frém &e (3ﬁ ,ei) aod (s,2) croas sec:icn raties piven .. _
| carlior 4in cm;’;tc» 1T (Fi 2.2 ) Lc:val.. valeh wore econgistent v!.tb

2 < 2 wore cocumed to ‘Bave -ve. pariey (2=l is unlilely fren f-h.ll
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codel considerations).

Hany of the unplaced y rays tust originate from levelw which

=

are not populated in the proton transfer experimentg. It is Chus

; aiffigult to place these'transitionshuniqueiy in the level schene.

" ‘

7 ‘ s '
4.3b Intrepretation of High Energy Scheme

On the basis of the shell mgdel the impg_hant proton states.
in the~high energy schem. ‘are expectcd to be the 3;},2, 11[2 and .
24, 1'2 otates. These states have been identified exp rirentally in
the odd proton Ke82 nuclei (Wildenthal et ai. 1971). The proton
transfer rcactions would thus pcpulate states arising frcm the coup-

ling of these proton a:a;es_to the 257’2 noutron state. Thc config—
R | - o . -

i
urations\§ive rise to the following levels
“33112“2f712- 3 J=3,4 wigh negative partiy

' ulh11,2u2f7/2 T J=2 Fp 9.vith positivc'parity

ﬂ. ~ ey irity.
_ ﬂ2d312v2f7,2 J=2 to 5 with negative pari v

Hence the observed‘ptated with.J>5 must arise froo tho ”lhlllZ“ZE /2
\

cunfiguratinn only," pnd hava 2=5. Iha ctates a: 841 znd 948 keV are ‘

- consistent with this' assignnsnt. although tha propoged level at 836 keV
could modify the cress ccction ratio and che prcdictcd ¢ valus for thﬂ
841 LoV state. .

“Tho ko spin stateo at 376 and 899 LoV can also o crplain_d
N

in tcrmo of the configuxatioas alzc“ay mznticn.d. The 876 eV statc,
‘Uhich.has °<2 zay -arise fren cichor tho wds !szE ,2 or £he

-72d v2f ccnfiwuxaticua {cx both), vadle the 889 koV o gtate would .

S3/2°77Ff2
corzespond to thc 2 n;msﬂx of the u1h1112v227!3 camﬁiguraticn to

Y
k] - -
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account for its 2=4 5 assignment. The 6 sgtate from the latter con—~

figuration may be the 1080 keV state, which is strongly nopulated in

“

the ( He ,4) and (e, t) reactions. The £ value of the 1104 keV state
'would then have to be :_2 to account for the ( He,H)/(a,t) ratio fot

both states.

In addition to 1e§hls containing different proton -gtates, the

-

(a,n) and (p,n) reactions can also pepulate levels arising from

&

different neutron s;ates. The (d,p) angular distributiona reagured

by Kern et al. (1967, 1968) ‘indicate the presence of 3p$/2 neutron

'1a0Lq and ldz?f. The lowest

states at excitation energies >600 keV in

lying levels from such configurations are

~

n2d5/2v3p3/2’, : J=l to & with uegatlve'pafity _
“137/2V3P312 : J=2&;;$§\§ith negative parity.

The identification of these 1cvcls is very difficult with the limfted
data available. The 836 and 1337 koV levels, which were not identifie&
in the proton: transfer "perimenfs both have opin asdigdments of &

or 5, and ﬁfe thus consi tent with atatei/éontaining a V3p3/2 ad-
aixture, Although the proposed high cnergy scheme must be regarged

5; tkntative. 1t s not inconsiﬂteﬁp'with simplc_shell model pggdit-'o
cions. |

hS . ) (:-
4.4 Shell Model Calculations.

Jé.@a " Introduction . . _\{ L
bo échzibéa in Chcptér T, tho low 1§sn3-1cvcln of tho odd-odd
K§83 auclel are well suited iofshell nedel studies. Thcoretical |
-1n:crprQCa£iqns of this saries °£_§Eﬁi?i st cccount fog_t@giévql

H
13 L

N - BN '\§~\$ - .
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egergieg, spins, pé;ities aﬁé electromagnetic p:qpertiés of the nany
(>AO) observed states in -these nuclei. *?o%loaing the experimental

investggatioﬁ-of lAQLa (Rern et al.71967); qetailed calculétions-weré
made by Strﬁble (1967).aﬁd later Ey‘Heyde.énd Brussaard (1968). - "-(
Struble performed.quasiparticle rodel calculgfiohs emplqying_a.finite ) !

‘ range, two body, central force as the residual interactiou in a rela-

tively large configuration model space (w2d5 /2? 11137 /2° -n2d3 J2°

7/2, v3p3/2, “2f5l2) The calculation of Heyde and Brussaard was

'performed in terms of the wiffed nodel in intercediate coupling,

*

where three single particle configurations (w2d5,2, 3137/2, u2f7/2)
8

vere coupled to a vibrating core ( Ba). The resulta of both-cal-

culations are in- reasonable agreeﬂent uith.the level schaae of laoLa._
More recently the NﬂSZ aucled werc‘exteqsively studied'bokh

experinentally and theofqtiaally by Wildenthal (1969,1971). The use of g

_surface delta type two body interaction (Green and. Hbahkcaski 1965)

" met with gonsiderable.succes in dcscribing thc propertics of both ~

the odd~cven and the even-cven nuclef . Calculations by Hussain.(l973)'

&

showed that such on intcraction can "alge givc a good description of

the ‘odd—odd nucleus 142?:. In light of tha vperinnntal data. for
laqLa, léz?r end léaPa, futtycr colculations hnve,pecn undertaken‘
using the Oald Ridge Shcll Model Code, cdopted by D. Bohan for usc

with the CDC6400 at MeMnster. CTho calculaticns are dideussed in

T

~ following sccticn.
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4.4b The 0dd 0dd N=83 Nuclei

In order to assess the validity;of a surface delta interaction
oeESR . ‘

-

és_an effective interaction, ¢alculations were performed for all odé-
odd N=83 nuclei. Retaining che-simﬁucizy of thé two configuration
model the active protons beyond the doubly magic lggsnaz were

allowad to occupy the 13712 and 2d5/2 or§1ts only. ‘Iﬁé odé/ﬁeutron,-

confined to the 2f7/2 orbit, was coupled-to proton ccnfigurations of .

the type ¢ e
_ )nl‘( )nz o n R
(1g 24 and (24 (lg )
32 0 _5/2-512“ 5/2 7[2 7/2
where-nl is the gumber of protons in‘the 137/2 orbit, and B, is thar

number in the 2d_,, orbit. All possible values of n - were
S/2 ‘ 1 2 -
bonsidered in this lowest seniorty schezz.

To carry out such a calculation one cust first choose two

\ st;ength parameters to definc the two. bo&y aurfacc delta interaccion
(one strength gerampt?r for ea;h of Fhe pgssible isosp%g;valugs

' (T=0 or 1) of the ;ntefacting'pair), énﬁ-also:the single.particie{

‘eneréy splitting EecueeA the'lg712 and 2&5,2 proﬁon ofbits. Froa the

vork of Wildenthal the wost gppropriate valu_a are, 0.520/ M=V for

* the energy_Splitting, and 0.383 MeV for tic Tul strcngth cmoter

(). - These valtes were ofitained frea a lcast oquares f;i\:3\a9

eﬁefgy-,lcvel 6f Imown J in tho =82 muclei from aaxss-ms. mn

cnly remaining parase ntcr, the “ﬁﬂ qtrcnﬂth.(An), Prale] givcn the valucs o

0.2, 0.3, 0.4, 0.5 cod 0.6 1oV in-gho proscat calculaum, By '

rcatrictin" the protcnn cnd neutrons to difictcnt orbitu, the igo—

gpin formalism becc::d reaundznt. Bowover, sinec’ tho rcsi@yalrtco.
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. tvo vhich havc nct bccn idﬂntifcd 1n léz?r and

110

body force. is iSOSpin dependent, matrix. elementa which differ only
in the isospin quantum number, will generally have different values.d
Matrix elements of this type were replaced by the average values for o
T%0 and T=1. o o S

o

140 - 1a2?r and ‘l&l*Pm are shqwn

- i

The calculated spectra for
in Fig. 4. 6, In order to- estimate ‘the most appropriate T=0 strength
for each of the nuclei the TOOt mean square (RS) energy deviation
was czlculated for the different values ,of Ao, aasuning an energy

correspondence between theoretical and experimental levels of a given

spin. _ The absolute excitation energies were adjusted in each case

' to mininize the RMS deviacion. The: raaulta, surzmarised in Fig. & 7,

indicate that the most appropriate value of tha =0 atrength for )

140 ,,lazPr and APm ia approximately the ea:c as the' Thl strength
140

_0f 0.383 MeV. The’ calculaticn fpr ©La ahcus an RMS deviation of

;%116 keV in contrast to 90 keV frcn Strublels calculation and an

catimated 80 kev fron the work of Heydc and Brus"aard - The conparr
ison is, however,,very favourablc when one considers that in Strublets ;.
calculation, enploying a nine—configuraticn nodel apacc, ftve.frce

140
' parazetera were ndjus:ed o beut £it the s apectrun In tbo cal-

- culation of Heyde and Brussaard’ geven adjuatable parametcra ware uacd

It is 1ntercsting to noéd that ia- lézPr and lééPm Jul andﬂk;

" states aré predicted to bc u*ll abovc th_ othcr lcvelh arininﬁ frcn

2 \
- the w2d5,2v 272 cnd nlg7,2v2f7,2 configuraticnc Expcrincntally

thic’ would also sppear to be thc case sinee zhcsc cpiuu are *h, cnly

4 Pﬁ. Arcerdin" to

o
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‘Fig; 6.6_ )
140, 262

Calculated spectra for

a

P£ agdrl

b4

B R

?ﬁ, for different

T=0 ottengcha,‘aré‘cdmpqrad vith the experimental level ocheces.

¢

fsalid lines and?dashea_linen indicate a predoninang 13f?2 and.éﬁs' :

/2

proton cogponentfgespcctivc{g%“ Experimental levels ubich contain

an admfxturc >40% arc denotod in such a @a& og to.reproduce the

thcogééical'iével ordering.

b .

-




% }
";@L@

. O -
.— )
i
R |
| m
RS "
1
|
b
i
1
i
s._
‘o
| o
) bt QOH OO =
@9 “
Em , |
ES !
OL _
'
0‘ = Qo=Nny D
Ay N |
©

07
05~

(AOW).

kY

e

e

s

1 .

05
m@w -

oA

A, STRENSTH



‘\_‘_/

(MaV)

EXCITATION ENERGY

.0

2 & 8

B

ch-g@w& ey

s
d

R

_OTHER
| LEVELS

P -ty L 08
4, STRENGTH  (MoV)

-

kY ' : o - N

L



v

'EXCITATION ENERGY

(MoV)

1.0

3

&

OTHER
LEVELS:

T @2ty
‘4 ) ,i' '

.2 D 249 05

-7 n, STRENGTH = (Maov)

EN



Fig, 4.7
Root mean square energy deviatiocn for the theoretical '
and experimental spectra qf,laoLé, lazPr and 1&APm.for different

choices of the T=0 strength.
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the calculation these states wgnld occur at energies where the level

ml.a and 11;21,1_ the

density is known, expefz;entally, to be nigh.
_lower J=1 states are ﬁepressed considerably in energy, so as to be
the ground states for these nuclei although the calculation correctly
predicts the 5 ground state of laéPm. ' : ' , l

A more realistic test of the model“is‘provided‘bfxa comnariwlr‘
son of the computed wave functions with those derivad fron experiments. - )\Jfl
For states of a givenﬁgnin one makes a correspondence between those ‘ -
which exhibit similar theoretical and experimental adnixtures. For
most of the levels, however, the wave funotion donrespondence isg just‘
nhe same as the energy correspon\snce, except for the J=3 and 4 levels
1n'142Pr; and the J=1-gtates in 140 La and 144Pm. (The RMS energy —
'deviation in this case is actually smaller for the SBI calculation

than for Struble s calculation.) The_computed conﬁiguration mdxing

nmplitudes,an&_those measured .In the present work for_{ééPu, are shown

in Table 4.7, -
) Although'the agreenent[fot léoia and 142?r is not as good as

that for 144Pm Struble s cnlculntion for &OLa indicates “2d5/2°2£7f2

" admixtures which azre very similar to thooe.frqn the presont SDI caleu-

/

- lations. . o
Tho most oorinns_prohloo i5 posed.by tho Jal states,. Thcoxes
- tically the lower J=1 state has 2 predominan; n2d512u2f712 znd is

depressed in energy, whereas experimontoll? the lowest J=1 states

in'lﬁbka and 144?5 eontain a pfcdominané “1°7/2“2f712 cc:?cnont. In

~la°La,'uhero both J=1 states hovo been found, :h" predictcd cnergy
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Table 4.7 :
~ Theoretical and experimental configuratfon mixing amplitudes o« “1
for lu'Pm._ The amp}.itudes uz for the (u2d5/2v2f7/2) o . :
ccnfigurat:ion are given, the (wlg7 ]2v2f1 /z)ramplitudes _ - !
being (l—u ) P . N a
Energy Spin - Configuration Mixing. Alplitude (a°)
(keV) J- Proton transfer Theoreticai'~.., -_ ‘ .
) . S'tt_.tdiea -,(AOHEO-'A MaV)
0. 5 1.0¢1) 0.9 | 7
61 4 >0.70 - 7 087
67 3 >0.70 S 0.92 IR
80 2 50.70 | 094 L
172 6 0.75Q15) - 0.56 __
195 5 0.15Q10)  0.06 -
207 3 0.20010) ‘ 0.13
232 6 c.13(10) .4
250 1. 0.2500} - an \
279 3 Lazzan . Q.08
363 2 0.07(6) ©0.06
514 7 ‘ . <0.05 _ o 0.0
C .



us
splitting of ~360 keV compa:eé favourably with the experimental split-
ting of 424 keV. Hdweve%, the lower state has a éalculated'w2@5/2u2f7/2
component of ‘987 while experimentélly it is NBSZ._ Similar discrepancies
are also found‘for the J=1 state in 144Pm. One might argue that such
disagreement *is most likely a result of the‘highly truncated ;onfig-
uration space, and (or) the simple phenomenoibg£c§l force ﬁhich has
been used; Qf first, these explanations sefg unlikely in ligﬁt qf
the fact that a similar discrepancy océurs in Struble's calcﬁlations.
Unfo;tgnatelyuthe compositions of the wave functions from the unified
wodel calculaéion-of Heydé and Brussaard are not reaﬁily avaiiablc.
Hnwever,htheir cémputed (d,p) sﬁéétroscopic factor.%or the Jnl state
at 467 keV shows the largeut deviation from the experinentnl value.
It was suggested by Struble that the Jﬂl discrepancy wight be resolvcd
by the inclusion of a tensor force. This geens very plausible since
the wc:tk of Sliv and mzm:itmw(l%B) indicates that for J=J nﬁ? and

J=J_, +1 (vhere J_ |j -3, 1), the tensof force matrix clements can

differ considerably from other matrix chmcnta. Benco for both the

) |
T s 1 0 £ ‘ trix . v
ngd5/2v22712 and v1g712u2£7’2 canfigurations the tensor once Datr

clezents for J=l ;ould be véyy important. The discrepancy thus seens
- to originate with the residual 1nteraction.‘ (Eerﬁaps a stmpln,J
‘dcpendenc tero could be included in thc SDI to modify matrix clq,ents
minandmin

In conclusian, it is quitc rcmarLable thac such a si:ple

1nvolvinﬂ J J_ . +1.) . oo - | . o~

intcxaccion ccnthining just cac freo parhnctcr (if AnwAll, and
c:§loy1n« a very sinnle configuration space, can not only dcrcribc

A

tho cxpcrin_ntal data for the odd prgtcn and ‘the cvcnwevcn Laaz puclef,

S T
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but also accounts for cost of the features in the odd-odd N=83

nucledi. o p
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" -spin assignnents'frcm geaéfai asasumptions abﬁﬁt the ﬁroperties of

B T SUMMAkx o
An experimﬁntal investigation of the level structure of the
odd-odd N=83 nucleus IAAPm has been'ﬂescribed In particular the pro—
. perties of the low lying levels have been studied in detail and can

be understood in terms of simplg shell rcodel configurations At the

H
present time, this work represents the only available data on the level

sch%me of this nucleus, and adds considerably to the knawn data for

thelseries of odd-odd Nh83 nuclei - ' - N

The ( He,d) and (u,t) proton transfer reacticns have been

*

employ@d torindependently e;tract spectroscopic factors and tentative‘

convenient alternative (and“supplement) to standard ocngular distri-

neighbouring nuclei and t?ﬁ\:::tt;on bechaniqpt The zethod is a

bution analjsis in terms of DWBA thcory; and codld be ektended to

neutron and prézon trapsfer studies of odd—odd nunlei in other regions
1!

of che perfodic table. - "XL - . ’ ©

The 7 ray studies tevcglcd 1nteresting correlutioﬁﬁ between

Y ray_intensity ratioa, neaﬁu:ed_in tQ? (p,n) ond (e,n) reactions, |

HEBF nyclear spins. It would be profitable to étudy_the Iimitationg

and éaiiditonf'tbis'techniqua for nsaigniﬁg'nuclcar sping, under a

,variety of_ccnditioﬁs. Its apoiicatien” to utatcs in rcgionu of high

ltvcl dénsity couid ptov cgpccially vseful. - . |
. "hﬁorctical calculaticns usinu a surface dvlta iatctaction

in- Q;highly ttuncatg& spaca givu ;‘gcod descriptisé of thc lcu lyino

&

Rt
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o , - . s
states of 149La, lkzPr'an& laéPm except for the J=al sta;es. I£ would
thus be interesting to locate the “missing" Jnl states and establisB}
their character. The proton’pick-;p reaction lasﬂd(d” He )lazPr and -
further y-v studies of the (a,n) and (p,n) reactions lcnding to
states in 142Pr and 144Pm could be useful in this respect. The T.rai
studies would also allcw the higher excited stat,s to be inwpscigated
with a view to locating the +ve parity states arising frcm the
Tflhlll‘VZf 772 configuration. The properties of these siates would

further test the validity of the proposed residugl interaction.

]

.




APPERDIX 1 -

A1l Level Schemes of‘lﬁBPm and 145Pm

Al.la JIntroduction ¢ o

%]
L
W)

Agfggugh it was not intended to study the odd—even nuclei
lasPd and last sufficient informaﬁion was obtained in the course
of this work te Justify reporting their level sche:es Earlier

inres\igagionsof 143Pm have included the proton transfer studies of

Wildenthal et al. (1971), and Hansen et al, (1968). Ihe ( He d) and
d, He) angular distributions measured by Bildenthal et al. and the

(t,u} angular distributions of Bansen et al. enabled the 245/2’ 1g712, .’

33112, st!, and 1I111/2 proton states to be iden:ified The decay

properties of these states have bccn inwestigated u,inu‘thc
143 Sm(e.c_} Pm reaction (de. Frenne et al. 1968, Hesse 1969) and the

141Pr(u,2n) Pn reacticn.(Ejiri et al. 1972) Tha only procvious .

studies of the level schete of last kave involved the ;aSSa(c.c.)l >

reaction in which the 2d \ -and 1g. ..statgéuate’oﬁservcﬂ'(Brosi et .al.
: n 5/2 © 772 |

1959). G

Al 1b Erperim_ntal Studieu

(3He d) ond (a t) rcacticnu t0 lésPa ond lést vere carried

out at beankenﬂrgieﬂ of, 27 ¥oV ond labroatory anglcs of 42.5 and 50°.

Speetra frcn thc ( Hc,d) rcuctions are sheun in Fiu Al.l, In the

case of 1&3 Po the cxpcctcd gingla particlcaggatcs_axe strongly‘pgg-

ulatcd, uhcrcus the structere of IQSPQ roveals the prcécntc of nomy -
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. - - ° 1 . . )
Deuteron spectra from the _Azﬂd(:"ﬂe ,d)lasPn and
144 14 " |
-Nd(BHe,d) “..SPtn reactions.
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more‘statee. The additional two neutrons An the 2f7/ orbit have

thus a profound effect on the observed states, particularly at:

excitation‘b{\§: MeV, The s;ates arising from the particle phenon—
coupling are exlpected te_beﬂepregsedumre“in“lést.than in IéaPm, . : \\

since the target nuclei,la_Ndrand 1&aNd!unngphon6n states at 1.5 and

N
0.7 M=V respectively. Such states, however, would not be expected

to be populated with cross Sections'eomparable:to the single particle
states. .The neasured-excitation energies of. 143?m and lﬁst, | ‘ ' '
presented in Tables Al 1 and Al,2, confirm earlier studies of theee

' nuclei and extend our knowledge of last.

R}

;

Al.lc £ Value and Spin Assignments for 14SEm

A comparison of the ( He ,d) and (=, t) cross section ratios

" for'both 1-l".'*}Pm and 195Pm"enable tentative £ values and spins te be

assigned to states in lasPn. The knoﬁn'i vaiues,for‘the;ground state

_ - - o 43,
*fgd first excited states in'lksPn, and those identified in U P by‘

r

Wildenthal provide calibration points for decermining the 2 nnd Q
dependence on the_cross section ratio. This is shown in fie Al 2.
The ratios fof'statee which.aie'neakly nopnlated in both the
(3He d) and (5,:3 reaccions:cnnnot Eenconsidered' reliable 1ndica—’
tors of £ values since multistcp reactian pnoceusee may significently
rnodify the cross sections. For czample, the 3/2 state at 105& keV

1 3Pn is sﬁnun Sy~U11dentﬁal to havc an f=2 angular diﬂtribution

in
‘in tEE-( He,dI reaction,_but its cross section rntio neqaured in thian
vork implien cn & >3 as«ignmnnt."Thin state is very weakly pop=

ulated in both the (35 ,q) and nqa)'reactiens and cannot‘bc a

. * o - : "
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" Table Al.1.

¢

'
/_‘u. ey

Suzmary of level energies and |

- proton transfer cross sections for 153Pm-‘

r

Energy Differential Cross Section‘ Energy Levels‘from-Other Work

(kevl (CHe ,d) (ub/str) (@ ts ' Wildenthél Hansen de Frenne Hesse
0. = 42.5° o. = 50°  etal. etal. etal
. oL L (1971)  (1968) » (1968) " - (1969)

) 509(52) ~79(8) ~ 0 o 0~ 0
©272(2) 64(8)  21(}) 270(5)  273(15) 272,9(2) 272.0(3) -
959(2) 303(33) 172(18) . 962(10)  964(15) R e
1054(4) 9(3 - 8(1) - 1066(10) 1056.6(5) 1056.8(3)
1172(2)  920(94) 16(2) U 1172010)° 1183(15) 1173.3(5) 1173.4(4)

S L I341.0(1.0)1342.9(8)
1399(2)  789(81) ©22¢3) . 1402(12) 1409(15) 1403.5(5) 1403.4(4) .
' B R | 1515.7(5) 1515.4(3) )
1608(4)  11¢2) <6 - 1576(15) o
- r S 1638015) O
) S

F

>

& . \ .
‘Energy from the lél?r(a,Zn)léaPm reaction at'E = 20 MeV gives

272.069(25) kev. = ¢ SRR
The uncertainties in the Crdés‘ééctioqs alloy fg;lﬁ systematic error of

2102, | S - : S

*
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\".‘ |
‘ :
* Toble Al.2 | ‘ B j
‘ b :
- .Suzmary of level energies and pe !
. . i - . \\
- proten transfer cross sections for 145Pm '
Energy .Differential Cross Section Fnergy levels from
(kev) _ (ub/str) -~ other work
T (3He,d) ' (a,t) - Brosi Chiao &
SL = 42,5° BL = 50° et al. Martin
(1959) (1967)
0 591(61)  94(11) B
62(2) 94(11) - 49(6). 62 61.4
493(4)  23G6¥ . <3 &85 495
727(3) 368(42) <3 - °
774(3) 49 (8) - <3
795(2)  349(38) 196(20) o
959(2)  461(49).  29(%) '
1058(3) 467(52)- 4(1) .
1214(4) 33(7) <3 .,
1228(4) - 60(9) - 3(1)
#1383(3). 38(6) <3
1684(3) ; 62(8) @ <3
1503(3) /

88(11)f <3

| /.

Pea&s vith (3He{d) cross seetions <8 yh/styr are not included

144

sinée‘they pay be duz to fsotopic fcpurities in the - ﬂd tarset.

The uncertaintics In the crbss sccticns allcy for o systematic

crror of “10%.

N
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Figo AJ.-Z . L\' ] //
(3He,d)/(a,t) cross section ratios for states in ¢
193pn(%) end M%pn(o). ﬁ _.
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simple eingle particle state, . ‘ 5

Whereas in laBPm_mqst of the protoﬁ transfer strgngth is con; o0

<

& .
centrated in only a few states,'inifﬁst there is appreciable splitting -

of this strengtﬁ among many states. Apért fron the g:ouhd statée and
first excited state, the levels at 959 and 795 are most strongly

populated in both the (3He,d)‘and (a,t) reactions. The most likely

“singie particlg" assignments for these states aré,33112 or ZdBIz,and

1h11/2 respectively. It is clear hoﬁgver‘that'the-stafes in this T

region are SErdnglx mixed so that the assignments must be considezed

tentative. (sﬂeggi\éngular distributions and.%i,n) studies of ;QSPm

would be valuable in elucidating the structure“of these states.
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APPENDIX 2

A2.1 Q Values;
- In the present work the extraction of the spectroscopic factors

and nuclear spins for 1&“?9 depéndg¥on the differen;es in %he Q values
for the (3He,d)‘reaction§ tollaBPm, }éAPm, last; -When the expef-
“fments were undef;akgn gﬁé uncertéinty in the Q félué-ﬁor the

142 Nd( He d) Pm—feaction was greatef than 300 kév (Maples et al.u
; 1966), and consequently would have affected the earlier analyses.

Fortunately, bweﬁziv the protontransfer experiments allowed the
reaition Q'valﬁes and thei; differences to be mbasured very uccurately
_ since the 143Nd targets contained 2Nd and Nd impurities.

Using the target and projectile -nasses from ﬂattauch et al.
(1965), and the known calibrations for the annlyzing nagnet and spectro—
Qgraph, the { He,d) Q values wvere calculated from the best‘resolution
t eﬁposurés ac‘Z&“and 27 MeV. 'Alﬁﬁough thé-experimental values differed
) by <15 keV an uncertainty of 20 keV has been ndopted to account for
- possible errors.in the magnet calibrations (Elastic expcaures, taLen
at éhe end of some g to compare the analyzing magnet and gpectrograph
calibrations shawed consistency. ) Tae measured Q values, given in
Table A2. 1 are_in agrcemunt with thooe rccently published by Gove and
Wopotra (1972), but disagrcc with the @ value for the 2Nd(3ﬂc d)
_reaction, measured by Hilqgnthé; et al. (1971) gnd found to be
-1:099(25) MeV. |

-~

Although tho nﬂauurcd Q valuos havc ‘relatively lar"c uncer-'

- ¢
126 f i




Table A2,1
(BEe,d) Q Values
Reaction Q values (MeV)

- | This Work Gove and Wapstra (1972)
H200C0e,) % -1.2920)  -1.22001)
930a3e,a) *%n  <0.815(20) © -0.830(40)

1484 e, ) %P -0.712(20) -0.686(7)
9
N o
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tainties their differences can be fourd with much higher precision.

For the reactions Aa, b)B and A" (a,b)B* at a given beanm energy

(Q—Q )= ( B') + (Tb.—Tb) vhere T denotes kinetic energy. The

‘ternm (Th.-Tb)fuas measured from the pcsitions cf the ground states oé

l143Pm, laéPm.and 145Pﬁ which were prescnt.on cach of the CBHe,d) and

(a,t) exposures, An additiomal (a,t) expo;cre cas‘mAQe at 27 MeV

using a target containing a mixturc;of cnriched lasz and 144Nd. " The

quantity (T —TB,), which was calculated using thc acccpted masses,

Q values and beam energies, is typically a few keV and 1is notesensitive
5

to realistic changes in the paramcters. The Q value diffexences

_employed in the present work are (Q,~Q,) = 105.2(1.6) keV, {Q.—Q,) =
, ; _ 37 Q) = R

508.0(1.3) keV and (Q,Q,) = 402.7(1.6) keV, the subscripts demoting

the reaction listed in“féble A2.1,
These Q values, and rglore especially thcir differenccs, could

be useful in resolving the mass discrepancies which. are kncwn to

exist in this region CHapstra and che 1971) For' example, thc'mass

1Q¢ _144

doublec Nd .ig given ds 1817(3) keV by McLlatchie ot al. (1964) |

- and 1780.2(1.0) ke¥ b§ waredith and :'Barbe'r (1972). Taken with data

from the. 144 Sm(n,Y) Sn and 145 Sm(e c,} Pm reaction ({apstra and

Gove 1971), the Q‘value for fhc 144Hd(?ﬂe dJr Pm reaction yields-a

value of 1811(22) keV, in agreendnt Uith.that given by McLatchie.
w'cﬁ' ’



APPENDIX 3 '

A3.1 y Ray Absorption in Targets
: N » - i

. The targets used in the (a,n) and (p,n) reactions were suffi-

“ . .

. clently ;hick.to stop the incident beéps. Conseqﬁéntly the a particles
can penetrate ~0.06mm into the’target’before their energy falls béloﬁ
the reaction tHreého;d, while. the correspénding distance for protons

is ~0.4mm. A 60 keV y ray prodﬁ;ed by reactions at these depths would
be attenuated by ;BDZ in the (a,n) reaction and- n90% in the (p,n)xﬁ A.-)
reaction. For Yy rays >500 keV the attenuation would be'<3% in both ‘
reac;ioqs. Hence, in order to measure bfgnching ratios or g%mﬁare ’
relafive Y ray intengities in t;e differenﬁ reactiopé, it is_clear

~

that the: observed intensities of the relativelj_low energy y rays

must Se corrected for‘attenuatiﬁn in the targets; This\is especially
inportant for targets with high z, . . / |
The attenuation estimated for the. 60 key line are crude )
estimates, since the y radfation ptoduced By each reaction emanates
from all parts of thL.target where the.(u,nl and (p,nl reactfon can- |
occur. The extent of this regton {5 detcrpined by the innident pare
ticle energy, reaction thresﬁold and stopping power of the beam fn
" the Farget. The fraction (f) of y rays of a given energy vhich are

e

detected,_is given by -

o(E) (~yx/cosB)dx - A3.1
£ "(’"—?E(E)—E—"“de =,
where g(E) is the reaction croas-sc;tion for bezm energy E,;;is‘the

spprépriate vy ra&’ﬁbébrption coefficienﬁ/ﬂ;_;;,:;q penetration distance

T F ... | . . 129*-..: .. - ’ i ’ . : : -
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‘of the beam, and B is the angle between thé'detector and the norm%l
\ _ . .
to the féyget. It is assurced that this normal is anti-parallel to the
beam direction and that the detector is on thg sane sidg of the targét
as. the incident bean. ihe,latter condition must hold for'EB,lrto be
valid. | :

The‘relative crosé'section dependences on partiélerenergy were
deduged frdm the expeﬁimentélly measured ;ﬁcitation'fﬁﬁccighs for the
139 La(ax, n) Pr reaction (Verdieck 1967) and for the &ZCe(p,n)lazﬁrn
reaction (Fu;ukaw§ 1967). Absorption coefficients for each y tray of
interest were calculate& using the‘phot;; cross section data.tabulated
by Strom and Israel (1970). For a given penétfation digtance-the bean
energy was determined frcm the stopping power data of Hilliamson et
al. (1966), and hence g(E) found. Exptession A3.1 was numbrically \
integrated tréating several hundred dx elements. For loa energy

—

y rays the attenuation due to the target is much“larger for the (p,n)

reaction than the (a,n} reactian on ucéﬁu?t of the mnch larger depth

. .
of penetration of the protons, ‘whereas thé atten ion is negligible

for y ray energies >300 keV in is illustrated

in Fig A3. ‘
Theffinite soltd angle, suhtended by each.dctector, giyes rise

to uncertainties in f, smce expression A3.1 ;l:s valid only if t:hc golid

- angle‘iv negligrﬁle. Other sources of error riae £run uncortaintics .

iy, G(E} and the *topping power data. _The ceffects of thesd' CrTors

in f havc been eutizntc& {n teble A3.1 for differeat y ray cncrgics.

-

’
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APPENDIX 4

A4.1  Becay of 144Pm

144, e

The decay of ™' 'Pm has been studied by Pagden et al. (1963)

and Buéney et al. (1964),}their results bging consistent with a
ground state half~1life of W360.dé¥s. ‘The;decay proceeds ‘almost

exclusively by electron‘captureqto\exéited statesg in 144N§, wvhich

‘subsgquEnily decay byzy emission. Lines are observed at &l?.S,r.

617 .8 and.696.6 keV,“wﬁile'other lines acéount for A2% of the

{ T
branches. ’ o

In the workrof Pagden et al., a 144Pm sourcé uas prepared by.the

(p,n) reac;ion‘ on 144Nd203 (isotopic enrichment 962) with a beam -

energy of 410 MeV. The off—line Y ray activity from the source ,was
ther studied over a period ‘of 2 years. .Although each of the three
Y rays yielded decay curves’ which were consiﬂtent uith the m360 day

léa?m they exhibited an additional period with a half

halfﬁlife of
life of 60 days.
The presence of such an isomeric state could be difficulc to

detect in both,the proton transfer and inebeam y ray studies._ For

example, a 1 state (one of the ﬁnissing" Btates) at 60 keV would be

weakly populated in the proton transfer reacticns and would not bc
resolved from the 4 ata:e-at 60,737 keV. yrrays/fecding ;hig atate

would reasonably be attributed to the 4 state. If such a state were

- _present it could have an apprecgabléﬁ;ifctimg. (The & state in .

lésén, which decays By a 61 keV E4 :&agsitidn, has a h;lf lifc of
| ///‘/n ,-«_\.- | ‘ ‘ i ‘
T . 133
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43 days.) , S - . -
The targets used. in the (a,n) and (ﬁ,n) experiments were
therefore studied_off—line, with a-high resolution 12‘tm; Ge(L1)
detector (courtesy of the McMastéf B-and y_fay spectroscopy group) . .
Tbé_decajénbf the stréngest lines are shown in fig. A4.1 for the

- (p,n) target. There is no indication of a. 60 day component in ;hé

data, nor was there in a éimilar experiﬁent using the {a,n) target.’
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3 Fig. A4.1

Decay of strongest lines from (p,ﬂ) target. Solid 1line

N

denotes half life of 360 days, whilé'dashed,liné represents{anxﬁ\

additional half life of 60 days. Weak branches in the decay
. ‘ -~ .
Y

scheme are not showm. - . SR
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