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CHAPTER I 

INTRODUCTION 

1.1 Nature of the Present Work 

The greatest success of the nuclear shell model has 

been to explain the low energy properties of nuclei near 

doubly-closed shells. In general, it is possible to consider 

the motions of the extra-core particles or··holes in a central· 

field with the addition of certain residual forces to account 

for the extra-core interaction. The accumulation of detailed 

nuclear spectra in these regions contributes, therefore, to 

the basic understanding of nucleon.:.nucleon forces. 

Investigations of the 125 and 127 isotones are par

ticularly interesting since nuclear shell effects can be 

208 studied as one simultaneously moves away from the 
126

Pba 2 

doubly-closeC. shell and the line of beta stability. Theo

ret1ca.l1-4 and exper1mental5-7 determinations of the energy 

levels of the odd.-odd nuclei 208Bi and 
210

Bi have sho't~m 
125 83 127 83 

the importance of a residual neutron-proton tensor component 

in the shell model force. The qualitative features of this 

interaction are retained 8 
if a proton pair is added. to 

210Bi to form 
212. 

In both nuclei, isomerism is ob-
127 83 127Ats5· 
served. 

The present work has investigated the effect of 

1 
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Proton pairs on the 127 isotones 214Fr and 216Ac and on 87 89 
their ~lpha decay daughters, the 125 isotones 210At85 and 

212Fr
87 

respeatively9•10 • In addition, the alpha decay of. 

the even-odd 127 isotone 21 5Ra.88 has been studied and the low 

211 energy states of its daughter, Bn86 , have been determined. 

The results are discussed in terms of the shell model theory 

of alpha decay to be outlined in section 1.2-2~ In conjunc

tiol1. 't·.rith the above studies, the new isotopes 222Th, 221Th, 

218Ra, and. 21?Ra have been observed and their alpha decay pro

perties studied11 , 12 • Atomic masses have been calcUlated 

from the carefU..l measurement of alpha partic.le energies. 

1.2 Alnha Decay 

1.2-1 Conservation Laws and Barrier Penetrability 

Alpha spectroscopy is a useful means of studying the 

low energy states of nuclei.as decay rates are strongly 

energy dependent and are only mildly inhibited by angular 

momentu~. Since it is the low energy states of a nucleus 

which generally reflect the most information with respect to 

nuclear structure, the contribution of such studies to nuclear 

models is of some importance. 

Angular momentum J and parity 1T are good q~antum 

numbers for e.lpha emission inasmuch as they are conserved in 

the strong interaction. Since the alpha particle has even 

parity and nc~ intrinsic angular momentum, the select;ion rules 
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take on a relatively simple form. The orbital angular momen-

tum of the alpha particle, L, is restricted .by the limits 

1.1 

where the subscripts 1 and f refer to the initial and final 

states respec·i:;ively. If the parities of the initial e.nd 

final states are the same, then L is restricted to even 

values; if th,e parities are different, only od.d L values are 

permitted. 

The total energy released in the alpha decay pro-

cess is the sum of the kinetic energies of the alpha particle 

and the daughter nucleus 

Q = p2 + p2 = Ea [ i + ~·~e] 1.2 
2I"' 2Hn d '!He· D 

where r~e and MD are the masses of the alpha particle and 

daughter nucleus respectively, and E0 is the experimental. 

decay energy •. 

Alpha transitions must conserve mass-energy and at 

infinite seps.rations Q is a measure of the difference in 

atomic rest !Lasses of the initial and. final systems times 

the square of the velocity of light 

• 1.3 

As the alpha particle leaves the nucleus, work must 

be done agains·t the electron cloud. The "screening correc-



tion" energy is given by13 

Q
80 

= 6.5.3 (z)?/2 - 80 (Z) 2/5 eV 1.4 

where Z is the atomic number of the parent nucleus. Tne 
. 

effective decay energy for the bare nucleus is therefore 

1.5 

The en,~rgy available to an alpha particle in the 

nucleus must be the binding energy of the alpha particle 

( 28.3 L'1eV) less the ·binding energy of the last two neutrons 

and. protons. Above A - 140 the nucleon binding energy has 

decreased to a point where the nucl~ar-alpha interaction 

energy is positive,· and. the decay becomes energetically 

possible. Alpha decay life-times, ho1-rever, can vary from 

nanoseconds to longer than the age of the a~iverse which is 

4 

a result of the Coulomb barrier the alpha particle must pene-

trate. In this respect, it is convenient to express the 

experimental alpha decay constant as A = A. 
0

P, where P is 

the penetrability factor for transitions through the barrier 

and Ao is the reduced decay constant. The significance of 

Ao is that it represents the probability of alpha decay in 

the absence of angular momentum and Coulomb barrier effects. 

This is usually expressed. as a reduced l'.ridth14 

< 
2 

= hA. = h A. . 0 0 -. p 
1.6 



' The pt~netration factor P for transmissions ·through 

the barrier from r 1 to r 0 is taken from WKB theory14 

}l = EXP - (2fro Kdx) , 1.7 
-1 

K = 1/11. V 2m (V( r) - Q ) e 1.8 

.5 

lihere V(r) is ·the pote11.tial barrier and. m is the alpha par-

ticle reduced mass. At the classical inner a...nd outer turn-

i:ng ·points,. r 1 and r-0 , the 1:rave number must vru1ish. Solu

tions to equatj.on 1. 8 vlhen K = 0 yields· ·the typical values 

r - 9 fm and r - 28 fm for the heavy element region above 
i 0 

lead. 

The potential seen by the alpha particle consists 

of three terms 

V(r) • 1.9 

The firs·t; and. se:cond ·terms on the right of equ.a#tion 1.9 

represent the Coulomb potential and the angular momentum 

barrier respectively. The third term is the nuclear inter-

action potential. This has been determined from a..n optical 

model analysis o:: alpha particle scattering and is given by 

the real part of ·the optical potential15 

~ - 1100 EXP [1.l;LA!/3 - r] . 
. 0.5% 

1".10 

In this ex-pression,. A is the IJass number of the daughter 
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nucleus. 

Some t:}om.ments should be made regarding the use of 

equation 1.7 to calculate experimental penetrabilities. The 

WKB approximation is generally applied. only to a smoothly

varying potential. However, the potential seen by the alpha 

particle necessarily contains a relatively sharp cut-off due 

to the nuclear component, VN(r). The WKB inteeral, there

fore, can be in .error16 by as much as a factor of 2. A 

second. objection arises concerning the steep slope of the op- · 

tical model potential, equation 1.10. Poggenburg17 has ad

ve..nced arguments in favor of using a 1~1oods-S~xon18 type poten-

tial having a more graclual slope. This has the effect of de

creasing r 1 and the penetrabilities· are 34 to 48% lower. 

H01;1ever, one obviates these objections if the reduced widths 

calculated from the penetrabilities are to be used only as a 

basis for comparison of relative alpha decay rates. 

1. 2-2 Shell Hodel Theo:~y of Alnha Deca;y 

Implicit in the discussion of barrier penetration in 

section 1.2-1 is the concept of an alpha particle oscillating 

against a potential barrier within the nucleus. In this re

spect, the reduced. decay constant A 
0 

is to be interpreted 

as· the alpha particle interaction frequency l•rith the poten

tial, and the penetrability P is literally the fraction of 

successful trru1smissions. 

The nuclear environment, however, is clearly more 
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complex19-21 than implied by this simple one-bod.y mod.el. 

The many-body concept of alpha decay, ~irst ·described by 

Thomas22 , realistically tak~s into account the effects of . 

nuclear structure~ Specifically, it is the shell model 

theory of Mang23-27 that has met with the greatest success 

in explaining alpha decay rates of spherical nuclei. The 

lJiang theory explicitly takes 1nto account alph~ particle 

formation from constituent nucleons existing in shell model 

states. 

A starting point of r~rang' s formulation is the assump

tion that the decaying system can be described in terms of 
,,,N 

a time-dependent wave function y J(X1x2 •• XA;t) involving 

the spin B.lld space coordinates of all A nucleons in the sys

tem. The quantities J and M refer to the angular momentum 

of the parent nucleus and its z-projeotion. One further 

assumes that the wave function exists in a certain space-

time region l'The:re the time d.ependence is kno'tm and. can ·be 

factored out. Therefore,'\lf~(x1x2 •• XA;t) is replaced by the 

shell model wave function of the parent nuclide,~~(x1x2 •• XA). 

The alpha particle internal wave function, X 0 , de

pend.s on the relative space and spin coordinates of 2 neutrons 

and 2 protons. It is possible to define a time-inde~endent 

probability amplitude, G~j(R), for the decaying system in 

terms of tji~,X 0 , and the shell model wave function of the 

daughter nucleusj ~j. 



where 

8 

C is a constant containing normalization and. anti-

symmetry terms, 

TJ, E ar~~ internal space and. spin coord.inates of the 

d.a~.lghter nucleus and alpha particle respectively 51 

n re:presents the angular coordinates of the alpha 

particle with respect to the daughter nucleus, 

R is the relative distance between the alpha par-

ti~~le and the daught;er nucleus .. 

Essentially, G~j(R) expresses the probabilit¥ that the decay

ing system co:J.tains a.n alpha particle and. a daughter nucleus 

having the sp~ecified. quantum numbers. 

A salient feature of Mang's theory is that there ex-

ists a radius R
0 

beyond which the alpha-nuclear interaction 

is independent of internal motion and can be completely des-

cribed in ter:ns of a two-body potential. 

to be calculated from shell mod.el wave functions. Hang then 

expresses the decay constant for all possible final angular 

momentum stat·es in terms of a penetrability, PL(E,R
0
), and. a 

reduced ~ridth, 'V
2 

, both calculated at the boundary R
0

• 
I JjL 

1.1-2 

"\12 2 I L 12 1 JjL (R0 ) = -n_ L G . (R ) 
- 2m R2 JJ 0 

0 

1.13 



where m is the alpha particle reduced mass. It is now 

apparent that the reduced wid.th relates to the effect of 

nuclear structure on alpha decay. 

9 

Equatic)n 1.13 can be solved by assuming that Xa is 

a Gaussian type wave function and that there is no config-

urational mixing of the shell mod.el states. The reduced 

l'ridth of an alpha pe.rticle emerging from neutron states 

'V 
2 -· 1/Lf~N1 ( j 1 j 21/2-1/21 LO) 2N

3 
( 2j 

3
+ 3-NJ) 

I J jL -~ 

. 1.14 

where N is the number of particles in the specified state 

and fi represents the radial dependence of G~j' 

A simplified express ion f'or the reduced. l'fid th is 

obtained 'V'Then the alpha w-ave function is approximated by a 

delta fv~ctlon. This eliminates the necessity of integrat

ing over the relative space and spin coordinates of the alpha 

particle. Rasmussen28 has successfully applied the d.el ta 

.function model to relative alpha decay rates nea.r the . 208Pb 

closed shell. For decay to closed shells, but involving 

neutron states ~:>f non-zero seniority, the delta function re-

duced width is 

Y~ "' co:mst. (2j 1+1) (2j 2+1) (2j3+1) 

(2L+1) 
1 •. 1.5 

[ ( j 1 j 21/2-1/21 LO) (R1 R2R~BpBn)J 2 
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where the subscripts 1 and 2·refer to the neutron states, the 

subscript 3 refers to the paired proton state and. Rl.' R2 , a3 
are the radial wave functions evalua.ted at the con_11.ection 

radius.. Rasmu;ssen28 has noted that the model overestimates 

the contribution :to the reduced ·N·idth of high-j orbitals. 

Fortunately, however, the deviations are systematic and a 

correction factor depending on the orbital en~lar momentum 

1 .cari be applied. For equation 1.1:,;5, the appropriate 

correction formulae are 

BP = EX.P [-o .013 1 3 c13+1U 1.16 

and Bn ,; Ei:J> Eo ,0065 1 1 (11+1 )+12(1
2 
+1) -1/2L{L+1)] • 

The inherent simplicity of the shell model theory is 

also its wee.1mess. ltlhile the a,greement bet1·reen relative ex• 

perimental and theoretical decay r.e.tesha.s been excellent, 

the calculation of· absolute d.ecay consta..11.ts is not possible. 

Some impressive advances in this direction, ho~Jever, have 

recently beex1 mad.e by Harada and Rauscher29. It ·would e.ppear 

that more d.etails of the alpha-nuclear in·ceraction potential 

are reqt:tired 30 e#f; -vzell as some cons1dere.tion of nucleon olus

tering in the surface region21 ,31. 

1~~3 The liass Surface 

l s 3-1 The Semi-Emnirical !·Tass Formula 

· The mass of .a nuclid.e consists of the rest mass 
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energy of the constituent neutrons and protons less the 

total nuclear binding energy. It has long been reco~nized 

that the overE~ll shape of the mass surface can be ex-pressed 

in e.n analytical form based. on the \i'eizacker liquid drop 

mod_el32 • The analytic expression contains bind.ing energy 

terms for the ·volume, surface tension, and Coulomb repulsion 

of a charged liquid drop. In addition, a s~mm~try term 

is included 't'.rh:i_ch accounts for the extra stability associat-

ed with nuclei for which N = Z. 

Deviations from the liquid drop description, ho't~i-

ever, ca...n be as large as 10 HeV near magic number nuclei a.nd. 

might well be construed as direct evidence for the existence 

of shell struct·:1re. It follo~rs, therefore, that terms re-

lating to shell effects must be inolud.ed in the mass formula. 

Indeed, a successful mass formula will attempt to contain 

virtually all of the important concepts of nuclear structure. 

This imposes the restriction that only physically 

significant terms are to be includ.ed in the a.nalytic ex

pression if the mass law·is to relate to nuclear properties. 

OVer 30 nuclidic mass formulae have not~r been developed, not 

all of ~rhich fulfil this requ1rement33-35. For comparison 

to present results, the Hyers-Swiatecki35,36 equation has. 

been chosen since it involves only 7 adjustable parameters 

and yet is capable of reproducing experimental masses to 

within a few hundred keV in the heavy element region. 
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1.3-2 Alpha-Beta Rne~gy Systematics 

A general characteristic of alpha d.ecay is the high 

degree of regu.lari ty in the change of the total decay energy; 

Q, with mass number. In this respect, it is of interest to 

consider the alpha decay energy trends for a series of iso

topes near the N = 126 closed shell. As one moves from the 

region of~ -sta.bility towards neutron deficient nucleis there 

is a smooth increase in Q. This is acco~1nted for in terms 

of the proton binding energies ~·rhich are decreasing as more 

neutrons are removed. At the N = 126 closed shell, however, 

there is a pro11ounced increase in the neutron binding energies 

which offsets i';his trend. Accordingly, one observes a sharp 

decrease in the alpha decay energy. Thereafter., the Q-values 

once again increase as additional neutrons are removed. 

From these considerations, unlmown alpha transitions 

occurring in alpha decay chains are predicted with reasonable 

accuxacy. The interrelation of parallel chains can be esta

blished by the beta decay process which thereby. defines a 

lattice of nuclidic mass-energy differences. One may id.en

tify 4 such lattices of closed cycles co1mecting nuclid.es 

differing by 4 mass units: 4n, 4n+1, 4n+2, and 4n+3, where 

n is an integer. Predictions are made from empirical extra

polations of the cycles taking into accom1t the systematics 

of alpha decay 1n a given mass region37. Thus, the mass

energy surface can be extended to Qnkno~m isotopes. 



CHAPTER II 

EXPERIMENTAL CONSIDERATIONS 

2.1 The Helium Jet Recoil Transport r•Iethod 

Nuclear reaction products ~rere studied "on-line" 

using the helium jet recoil transport technique3B,39 • The 

essential characteristics of the method, illustra.ted. in 

figure 1, are 1101~ considered. 

The target is positioned before a copper hemisphere 

which is filled with helium at 1.9 atm. The incident beam, 

obtained from the Yale heavy ion accelerator, interacts 

11ith the target and is terminated in the hemisphere. Pro

ducts recoiling from the target are thermalized in the 

helium and entrained in the gas flow through the metal cap

illary into ru1 evacuated chamber. 

At the time of the beam burst, the hemisphere is 

instantaneously filled with recoils but is completely emptied 

after 8 msec by the near-sonic gas flow through the capillary. 

The residual pressure is maintained a.t - 25 microns by means 

.·of a high speed. diffusion pump having a capacity of 6000 1/sec. 

At the end of the capillary, the helium carrier gas expa..nds 

rapidly into the chamber while the heavier reaction products 

are adsorbed. onto a stainless steel collection assembly. 

The alpha decay of the products was measured by means 

of 50 mm2 annular Si(Au) surface barrier detectors obtained 



FIGURE 1 

Schematic of the helium jet recoil transport 

technique for the study of nuclear reaction 

products. 

Hemisphere volu~e = 0.4 ml 

Capillary diameter = 0.5 mm 

Capillary length = 16 em 

Helium pressure = 1.9 atm 

Gas flow rate = 50 ml/sec 
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from Oak Ridge Ne.tional Laboratory. These detectors ~rere 

observed to ha-v·e a resolution of 25 - 30 keV (FWHH). Spec ... 

tra were taken during and between beam bursts which came a-t? 

a frequency of 10/sec, each burst lasting 2 msec" Shield

ing was provided by 13 em of brass which effectively elim

inated¥ bac1tground. d.ue to the beam. 

Nuch etfort has been expended. to optim~ze the heli1..nn 

jet recoil tra~sport method with respect to collection 

efficiency for short-lived nucle139. The conditions pertain-· 

ing to the present 1qork are summarized in the caption of 

figu~e 1. The collection efficiency of this- system is de-

pendent on three basic components: 1. loss of energetic re~ 

coils 't~rhich be: come embedded in the ·hemisphere; 2. loss of 

products by adsorption on the capillary and hemisphere 1-.ralls; 

3. the effect of finite transportation time. The first 

effect is treated mathematically in section 2.3. It is 

fotLlld. that this compo11e11t of the efficiency is essentially 

constant 1'-ri th .J~hange in beam energy when thick targets are 

used. (>2 mg/cm.2). The se.cond factor is a function of gas 

flow turbulence and is discussed. in detail in ·reference 39. 

Adsorption properties, ho"t·rever, are not expected to fluc

tuate with bombarding energy. 

The :final effect has been stud.ied. for some of the 

nuclear recotls formed. in this work39, 43. It is found, for 

example, tha1; the collection time efficiency for 216Ac {t1/2 = 

0.33 msec) is only 4%. By contrast, the efficiency for the 
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longer.:lived 
214

Fr (tl/2 = 5.0 msec) is 63.%. 

The collection time efficiency is observed to be 

essentially iniependent of incident beam energy for thick 

targets43. This result is not surprising since the recoil 

energy pattern from thick targets attains a uniform distri-

bution. In terms of range 5 this indicates that the recoil 

distribution extends beyond the end of the hemisphere, cor

responding to 1.2 em of He at 1.9 atm. For thin targets, 

however, the recoil spectru~ approaches a Gaussian distri

bution 't~hich mo·ves to1'lards the back of the hemisphere as 

the beam energy is increased. Since the rec~il transport 

time in the cap:lllary is only 0. 2.5 msec compe.red to the 

overall. collectlo:a time of 8 msec, ·it is apparent that any 

change in the posit1on of the distribution 1-vill affect the 

collection time. These considerations are not trivial as 

fluct~ation in yield must be independent of the e~~erimental 

configuration and. reflect only the energetics of the reac-

tion being studied. 

!~any detEtils of the hel.ium jet recoil transport 

technique are not reproduced here but are treated in refer

ences 38-42. The method is in a state of constant evolution 

in order to impro·ve 1 ts transport properties. In 1 ts pre

sent form, the syt3tem provides a means of rapid_ on-line ta.r

get/prod.uct separation w~th correspondingly high spectro

scopic resolution, It is now being mod.ified in conjunction 

with a quadrupole mass filter to effect on-line chemical 
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separations.. Besides the obvious use of such a system for 

the unambiguous detection of new elements and_ isotopes, the 

chemical environment of the nuclear recoils can be thoroughly 

studied. 

2. 2 Target Prena.rai;ion 

For reasons discussed in section 2.1, it 'tlfas neces-

sary to obtain targets infinitely thick with respect 

to recoil emission. Procedures have been developed to yield 

thick (-4 mg/cm2), uniform targets of 209B1 and 208Pb by 

electrodeposition fro:n non-aqueous solvents. Holecular 

plating from non-aqueous solutions has been described by 

Parker and Falk44 • 

I111lligram quantities of 208Pb (99 • .5% enriched. isotope) 

were obtained from Oak Rid.ge National Laboratory in the form 

of the nitrate. A sample was evaporated to dryness several 

times with conc!9ntrated HCl to form the chloride, PbC12 • 

This was dissol~ed in the minimum amount of H
2
o and placed 

in a 20 ml heated. plating cell with a 50-50 mixture of hot 

methanol-isopropanol. This procedure was necessary to in

sure that the sample remained in solution. The 208Pb was 

then deposited onto a 2.3 mg/cm2 copper foil cathode at a 

cons·tant current of ·1 fJam:p (- 6 volts). For a deposition 

efficiency of -90%, several hours of careful plating was 

necessary. The resulting targets had the dark metallic 

color characteristic of the metal and 't·Iere found to undergo 
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a minimum amount of evaporation when subjected to the beam. 

Pellets of 209Bi metal (99.99% pure) were obtained 

from Canadian :Mining and Smelting Company. A sample of 

these was dissolved in HNo
3 

and was evaporated to dryness 

several times lfith concentrated HBr. A plating cell solu

tion was prepared. by d.issolving the B1Br
3 

in ether to the 

saturation point. The 209Bi was then deposited from the 

solution onto a 2.3 mg/cm2 copper cathode at a fixed current 

of 1 J.Jamp (-200 volts). In two hours of plating, a 4 mg/cm2 

target of bismuth could. be prepared. from a 20 ml sample of 

plating solutio:n. These targets exhibited. the same stabil..,. 

ity characteristic of the lead targets. 

Thick Target Recoil Analysis 

In ordel~ that excitation function data be meaning-

ful, it is neceE:sary to insure that the intensities of alpha 

groups measured at different incident beam energies correct-

ly reflect the cross sections of formation. The problem is 

relatively simple in the case of thin targets {<1 mg/cm2) 

since virtually all the products formed in the target have 

sufficient momen·cum to escape. For thick targets, however, 

the escape probability is a sensitive function of the posi

tion in the target where the recoil is formed. 

For a heavy ion beam of energy Eb
0 

(lab) incident 

on a target of thickness t, the maximum kinetic energy 

transferred to the compom1d nucleus is Er = AbEb/Ar, where 
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Ab and Ar are the masses of the incident ion and nuclear 

recoil respectively" If R
0 

is the mean range of the product 

in the target material, then the statistical distribution 

of range about R
0 

is assumed to be Gaussian~ 

P(R)dR = 1 EXP ~ f (R-Ro~2 dR 2.1 

J2ffrr [J2 o- J 
A schematic of this funct;ion is sho"t~r.a in figure 2 

for recoils ejected from a plane perpendicular to the beam 

axis and locatE!d x mg/ em? into the target material" If z is 

the mean range for ·recoils originating at x, and y is any 

point in the distribution~ then the range probability is 

= drr (J EXP- [xyj-~z-x~ 2d(y-x) 
2.2 

l'Yhere ( z-x) = H
0 

and. (y-x) = R. 

The fraction of :recoils formed. at x that escape the 

target is 

F(x) = Jro P(y-x)d(y-x) 
(t-x) 

2.3 

If by definition c = ~y-x) -( z-x~ IJ2 o-, then de = d(y-x) I 

J2 c:J. The lower limit of 0 is CL = n t-x) -( z-x~ IJ2 c:J. 

Hence, 



FIGURE 2 

The statistical range distribution of nuclear re

coils formed at a point x in a target of thiclmess te 
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The beam energy at each point in the target, Eb(x), is a 

function· of the target thickness the beam has traversed .• 

The degradation of the beam is Eb -Eb(x). Since this is 
0 . 

typically only a few MeV, the range-energy curve for the 

beam in the target material can be assumed. to be linear 

over this region. Therefore, Eb(x} = ~ - ax, where a is 
0 

the slope of the range-energy curve evaluated_at Ebo• 

The mean deviation, o-, CB.n be written cr = R0 p , 

where p is d·9fined as the nstraggling parameter" and is 

essentially independent of energy. Winsberg and Alexand.er45 

have experim,~ntally determined the ranges end the straggling 

parameter of heavy ion astatine recoils in gold. Their 

data indicat~~s that the relation between range and energy 

for astatine in gold is a linear function given by R0 = 
2 

0 .13 E0 , whe~re R
0 

is in mg/ em and E0 in HeV. The straggling 

parameter is 0.42. Assuming these values for slightly 

heavier recoils ~1d targets, then B0 = (z-x)= 0.13(Eb
0

- a~) 

Ab/Ar and cr-== o.42R0 = o.055(Eb
0

- ax)Ab/Ar• The fraction of 

recoils form~ed at x that esce.pe the target is therefore 

F(x)dx = 1/2r1-ERF[ t-x-O,lJ(~o- ax)Ab/Ar]Jdx 

l O.O??(Eb
0

- ax)Ab/Ar. 2.5 

This function is plotted. in figure 3 for a 5 mg/cm2 

target of 203Pb bombarded. by 16o at energies of 73 and 15).5 

NeV. As the beam· energy is d.ecreased, the d.istribution is 

shifted towards the end of the target. 



FIGURE 3 

224 Recoil esca-~Je probabilities for Th recoils 

formed in a 5 mg/cm2 208Pb target at 16o beam 

energies of 153.5 and. 73 HeV (lab). The curves 

were calculated fron equation 2.5. · 
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The t~:>tal escape probabil1 ty for a particular inci-

dent beam energy is 

2.6 

The experimental configuration is such that recoils having 

sufficient energy to traverse 1"2 em of helium_at 1.9 atm 

become imbedded. in the hemisphere and are not ctetected .• 
68 

From the range theory of Lindhard, Scharff, and Schiott 

it is possible to calculate this energy (see appendix). For 

224Th this correspond.s to a 2.8 NeV recoil •. A maximum ta.r

get thickness, xm' is defined such that recoils originating 

from the plane of xm have a mean range of 1.2 om in helium: 

xm = 1/a(Eb0 - :2.8Ar/Ab). The effective escape probability 

is therefore 

Pe(Eb0 ) = 1/t t F(x)dx 2.? 

Equations 2.6 and 2.7 were integrated numerically 

by computer for various recoils in 208Pb and 209B1 targets. 

The results for 224Th recoils in a 5.0 mg/cm2 · 208Pb target 

are plotted in figure 4. The effective escape probability 

is reasonably flat over·a wide range of incident beam 

energies. For an experiment desi~ned to collect the total 

activity recoiling from a thick target, however, it is clear 

that e. correctij:>n factor is necessary in order that yield. 

be proportional to cross section. 



FIGURE 4 

Graph of the probability integrals P(Eb) and. Pe(~) 

for 224Th recoils in a 5.0 mg/cm2 208Pb target. 

Beam energies have been corrected according to 

equation 2.9. 
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As the beam sees a finite target thickness, it is 

important to correct for the energy loss in ·the target. It 

is possible to define an average target thickness, x: 

x = J:m xF(:x:)dx 2.8 

Jxom F(x)dx 

Since the correction is only of the order of a few MeV, the 

corrected. beam energy, Eb , is 

2.9 

2f)4 Analysis of Dat:a and ExnerimentB.l Technioue 

Alpha particle groups 11ere analysed for energy, in

tensity, and half-life. This data·was used to determine 

experimental reduced widths, excitation functions, energy 

level diagrams, and nuclear masses. 

As the counting took place from thin sources depos-

1 ted. on the collection a.ssem.bly ~ the peak shapes were essen-

tially Gaussian. Deviations were caused by the acceptance 

cone of the detector, the attenuation effect of the helium 

gas impinging on the source, and· the effect of ad.sorption 

of organic impurities on the collection surface. For these 

reasons, some straggling on the low energy side of the peaks 

was observed. In addition, a non-Gaussian high energy tail 

was observed due· to alpha/gamma or alpha/beta coincidences. 

Peak positions 1~ere therefore determined by fitting the ex

perimental points near the centroid of the pe_ak to a Gaussian 
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distribution using the non-linear least squares technique .. 

Energy analysis was completed. by fitting a quadratic func

tion to the peak positions of kno1qn alpha group standards 

in the spectrum, thus taking into account any inherent non~ 
214 linearity of the electronics. In the case of Fr, alpha 

energies t-1ere assigned relative to the 228Th decay chain 46 • 

For subsequent spectra, the prominent 214Fr groups9 were 

used as internal standards along with other established 

groups in the spectrum. 

Tne above procedure was implemented using the FORTRAN 

computer program ALSPAN. A zeroth order analysis was carried 

out by the program HINIPLOT which soanned,each spectrum for 

the alpha groups, assigned approxi~.te energies. and inten

sities, and. then plotted the spectrum. The plots were inter

nally scaled and could be linear or logarithmic. 

For excitation function measurements, alpha group 

intensities were obtained by nu.TD.erically integrating over 

the peaks once background. had been removed. Beam energies 

were chosen by degrading the incid.ent ions ( 10.5 1·1eV /nucleon) 

using nickel foils. The range-energy data of Northcl1ffe47, 

Roll and. Steigert48 , and Walton49 were used to determine 

the resulting energies. These were subsequently corrected. 

for target thickness by the procedure outlined in section 2.3. 

Half-lives were measured between beam bursts which 

l'rere 2 msec in duration at a frequency of 10/sec. Two ex

perimental proce~iures ~rere used. In the first instance, an 
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alpha particle group was electronically gated to drive a 

single channel ~malyser. The output was routed. into a pulse 

height analyser which could be time scaled in a number of 

different modes. A machine pulse coming 1 msec before the 

beam burst was used as a start pulse on the analyser. In 

this way, both the build.-up of activity and its subsequent 

decay could be followed. The schematic of this operation 

is shown in fig;ure 5A. 

In the second method, a delayed gate generator 

triggered on the machine pulse was .used. to enable a linear 

gate. The linear gate would accept pulses f.rom the detector 

only during the time pulse of the generator. By varying 

the delay time of the generator, the decay curves of all 

the short-lived al!)ha groups in the spectrum co1.:Qd be ob-

tained.. The schematic of this procedure is shown in figure 5B. 

Decay curves falling within the 8 msec limit required 

to empty the hemisphere contain a component due to activity 

being deposited on the collection drun. Hence the decay law is 

where N8 (t) = J: D(t)dt, and. D(t) is the rate of prod.uct de

position on the collection drum. This function has been de

termined by Gough43 for the experimental configuration used 

in this work. For the region 2-4.5 msec, where t=O is the 

start of the machine pulse, the function is 

D(t) = 1)10t2 - 1395t. 2.11 



·FIGURE 5 

Schematic of electronic system.used for half

life measu~~ements. 
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3~1 Introduction 

CHAPTER III 

FRANCIUM 214_RESULTS 

As men-tioned previously, the energy level structure 

of 214Fr and of its alpha decay daughter, 210At, are expected 

to be governed by the neutron-proton force in the presence of 

proton pairs and the 208Pb core. Of particular interest in 

214Fr are the 10 levels arising from the coupling of a g912 
neutron and an h912 proton~ The strong coupling rule5° pre

dicts the existence of low-lying (0~) and (9-) states for this 

configurat-;ion and the occurrence of isomerism in 21 4Fr is 

possible. It is no-ted_ at this point that "isomerism" used in 

the present context will mean that an excited state is suf-

ficiently hindered with respect to gamma transitions such 

that alpha pa=-ticle emission is the unique mode of decay. 

This avoids pl-acing an arbitrary lower limit on the life-time 

of an excited level to classify it as an isomer. 

The alpha particle emitter 214Fr was first observed 

by Griffioen and Macfarlane51 , having Ea= 8.55 MeV and t 112 = 
3.9 msec. These results were substantiated by Rotter et a1~2 , 
but Valli et al~3 have obtained a significantly diffe-rent 

alpha d.ecay energy (8.430 HeV) by prod.ucing 214Fr as an elec

tron capture (EC) daughter of 214Ra. 

An alpha particle spectrum resulting from the irrad-

29 
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iation of 208l'b ~~ith 70 HeV 11B ions is sho't·m in figure 6. 

Several trans:ltions are observed bet-v-reen 7.4 and. 8.6 r·1eV 

which are ass:Lgned to 214Fr e.nd two d.istinct groupings of 

the d.ata are :?ossible on the basis of excitation function 

and half-life measurements. In e.d.dition to Fr isotopes, 

formed by neutron emission from the compound nucleus ( 219Fr*), 

ar!d. their alpha decay At daughters, the spectrum contains 

activity d.ue to 21 3Rn and 211Po. :The 213Rn is the EC daugh

ter of 21 3Fr 54, ~n1ile most of the 211Po is likely formed by 

direct reaction mechB.nisms. 

:3.2 Hetastable Ste.te Transitions 

The resolution maintained. in these experiments ( 30 

keV ,. F\·ffiH) l·J's.s sufficien"c to resolve the previously reported 
214 . 

single peak for ~r into two intense groups at 8.477 and 

8 • .546 r~ieV. Becay curves for these two groups have been 

measured along l-ti"th the weal{er actiYities at 8 .04,6, 7 .963, 

7 (t 708, and 7. 594 !>leV. A least squares fit to this data, 

summarized in figure 7, has yielded a half-life of 3.35 "± 

0,.05 msec for t~hese transitions • 

. Excite,tion functions, measured at several different 

beam energieE~, for some of the products .of the 208pb + llB 

reaction are sho~n~ in figure 8. The excitation ftinction of the 
21 3Fr group ~.t 6. 772_ n.ev ~ corresponding to the 208P.b( 11B, 6n) 
213 . 11 . 

Fr reaction, is observed. to peak at a B energy of 80 I•1eV 

(lab)~- For the 214Fr activities, however, the relative cross 



FIGURE 6 

Alpha particle spectrum of the products resulting 

from the bombardment of 208Pb with 70 HeV 11B ions~ 
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FIGURE 7 

Decay cu~res for alpha transitions from the 

metastable state of 214Fr. The half-life of 

these groups, determined by a non-linear least 

+ squares fit to the. data9 is 3~35 - 0.05 msec. 
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FIGURE 8 

Excitation functions for some of the products 

of the 208Pb + 11B reaction. 
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sections maxim:Lze at 9 MeV less excitation. The work of 

l·1acfarlane and Griff1oen.5.5 in this region has shown that 

this is the expected excitation energy difference for the 

(11B,6n) reaction relative to the (11B,5n) reaction. Assign

ing these grou~os to an alpha decaying state of 214Fr is 

therefore consistent with their results. 

The 6 alpha particle transitions discussed in this 
. 214 section are assigned to a metastable state in Fre The 

reasons for this assignment will be mad.e clear in the 

following sectione 

3.3 Ground State Transitions 

At lower 11B bombarding energies, 2 alpha particle 

groups at 8.426 and 8.3.58 MeV are clearly observed on the 

lo~r-energy side of the 8.477 l>teV peak. These activities are 

shol'm in figure 9 for an incident 11B energy of 60 HeV. The 

solid line represents the Gaussian line shape calculated f-rom 

the experimental points using the computer program ALSPAN. 

The e~:ci ta tion fnnctions of the 8 Q 426 and 8. 3.58 IvleV 

groups shown in figure. 8 are interesting in that they are 

shifted 4 HeV lo1·1er in llB bombard.ing energy relative to the 

3. 35 msec actlvi ties. This shift is somel~rhat smaller than 

that expected for the ( 11B,4n) reaction leading to 21 .5.Fr form-

ation. However, a similar shift involving the low spin member 

of an isomer pair produced in heavy-ion reactions has been 

observed, and is a result of the angular momentum dependence 



FIGURE 9 

Detail of the 214Fr g::roups bet11;reen 8 s 3 and 8.c6 r4eV 

produced at an incident; 11B energy of 60 1~sV ~ The 

solid. lin(~ is the Gaussian dis·tribution calculated 

from the 13Xperlmenta.l data. 
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of neutron ancL ga.m.ma emission widths of compound nuclear 

states56
e It is apparent~ therefore, that this activity 

arises from a low spin state of 214Fr and. that the 3 o 35 msec 

e~ctivity corresponds to a high spin state of 214Fr" 

Further information is obtained. from the study of 

the 214Fr activity formed. by the electron capture decay of 
214Ra~ These transitions should. favor the low spin st~ate 
since the grolmd state of the even=even 214Ra has J1T= (0+). 

The half-life of 214Ra is 2~~6 sec53., Figure lOA is e.n 

alpha particle spectrUm of the reaction 209Bi( 11B,6n)
214

Ra 

which is delayed 50 msec from the bea.m burst to allow for 

the decay of any 214Fr formed by (p,5n) emission from the 

220Ra* compound. nucleus. The existence of the 214Fr groups 

at 8.426 and 81>358 ·~leV in this spectrum is additional 

evidence for the lo'tv spin assignment~~ FTol!l. these results, 

the EC branching of 214Ra is 0.06 ± Oa01%. This experiment 

also explains the results of Valli et al~3 for the alpha · 

energy of 214·Fr. 

In t~e analysis of the 208Pb( 11B,xn) 219-xFr spectrum 

it is observed that the peaks at (.448, ?.834, and 7.897 NeV 

all exhibit the same apparent excitation function depend.ence 

as the low spin isomer (figure 8)m However, these energies 

correspond to known groups~ 211Po at 7e448 Nev46 and the 

recently re~determined 212mAt at 7.837 and 7~899 Mev 57 • 

It is found that the lO't-1 spin state of 214Fr is 

populated in high yield. from the alpha decay of 218Aco 



FIGURE 10 

Alpha particle groups associated 't·rith the low . 

spin isomer·of 214Fr . 

Groups at 8.358 and 8e426 NeV produced from the 

EC decay of 214Ra. The spectrum l'TB.s delayed 

50 msec from the beam burst to allovr for the de·cay 

of 214Fr produced directly. 

Low spin isomer groups produced. with good intensity 
218 from the alpha decay of Ac. 
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This is due to the fact that the ground. state of the unknown 

isotope 218Ac is undoubtably low-=Jo Using·t~e reaction 

209Bi( 12cs3n) 218Ac~ therefore~ it is possible to produce 

abundant quantities of the ground. state groups of 214Fr~ 

The spectrum of this reaction obtained for 72 MeV 

12c ions is sho-v.m in figure lOBo In ad.dition to the 2 main 

gro.und state transitions~ groups at 7o406SI 7.605~ and 7.937 

!'leV are obserYed to have the sa.me excitation function de=-

pendence (figure 11) and decay curve chacteristics (figure 12)G 

The half_,life of these activities is measured. to be 5~0 ± · 
0.2 msece~ It is evident that the 7.406 e.nd. 7.937 groups are 

present with sufficient intensity in the 208Pb( 11Bjxn) 219=XFr 

spectrum to affect the 211Po and 21 ?mAt peaks$ but remain 

unresolved. Furthermore, the slight broadening of the ?.,83? 

MeV 212mAt group observed in figure lOB is characteristic 

of all the 209Bi ( 12c, )n) 218 Ac spectra stud.ied and is likely 

d.ue to a 214F:C' group of about the same energy. However, it 

was not possi-:>le to resolve this activity in the present 

work~ 

The alpha particle decay scheme d.erived. from Q oc 

values is sho~m in figure 13. These results indicate.that 

the decay of 214Fr involves the ground. state and an isomeric 

state at 123 keV excitation6 The theoretical work of Kim 

and Rasmussen4 on the energy levels of 210Bi, an isotone 



FIGURE 11 

214 Excitation functions for the weak Fr ground 

state transi .. cions at 7 .406, 7. 603, and 7.957 HeV 

produced. i:n the bombardment of 209Bi 1fi th 12c 
214 . 

compared to the main Fr group at 8.426 MeV. 

The excitation function for the metastable state 

transition at 8.546 MeV produced in this reaction 

is also sho"t·rn. 
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FIGURE 12 

Decay curve,s measured for the 8.426, 8.)58, 7 .937, 

and. ?.605 HeV groups associated with the ground 

state decay of 214Fr. The half-life is 5.0 ± 0.2 msec. 
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FIGURE 13 

Alpha particle decay scheme of the isomers of 
2
14pr, 
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of 214Fr~ is particularly relevant in this caseQ The 2 loW= 

est levels of 210Bi have angular momentum and. parity ( 1-=) 

and (0~) at 0 and 47 keV respectively. Their relative 

ordering is a consequence of the tensor component in the 

shell model forceo The next level at 268 keV is (9=) and 

is a long-=lived isomeric stateo As mentioned earlier, these 

levels are part of a multiplet arising from the coupling of 

a (g9; 2)(h9; 2 ) neutron-proton configurationo 

The work of Jones8 on 212At has shown that the 

essential nature of the neutron~proton force remains when a 

proton pair is added to 210Bio Thus5) the (1=) level is the 

ground. state in 212At and the (9=) level is 1o"&;rered to 220 

keV. 

The present ~rork indicates that the ( 1-) level is 

retained as the grou..nd. state in 214Fr. Alpha transitions 

are observed to both the ground and first excited levels of 
210Ato In the following section it is sho't'ln that these 

states are eJ:pected to be (5+) and (4+) respectively., 

Hence, to conserve parity, the ground. state of 214Fr cannot 

be (0~). It is probable, therefore, that the ground state 

angular momentum and. parity is ( 1..,) and. the isomeric state 

(9-) in analt:>gy with 208Bi and 212At. 

3.5 Levels of Astatine 210 

The energy levels of 210At are observed to cluster 

into 3 groups in a manner quite similar to those of its 

isotone~ 208Bi. The levels of this nuclide have been 
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experimentall:r characterized by Erskine5 using (d, t) re-= 

1 action spectroscopy and theoretically by Kim and Rasmussen c 

These investigations have some relevance to the levels of · 

210Atc 

The n(~utron-hole!t prot;on-=pa.rticle configuration of 

the ground state of 208Bi is predominan .. (;ly ( P1;2 ) =l (h9/2) 

and results in 2 levels coupled. to angular momenta (5+) and 

(4+). The next configuration~ (r512)~1 (h9;2 ), produces a 

quintet of le·irels having J == 3 = 7 centered around 600 keV 

plus a J :=: 2 ,state at -950 keV" A quartet of levels~ preco 

dominantly (p.3/2)""'1 (h9; 2 ) coupled to J = 3 '""' 6, is centered 

about 1s1 HeV~~ 

Figure 14 is a comparison bet"'reen the levels of 

208B1 and the levels of 210At populated in this worke The 

similarity of the levels is remarkable and indicative of 

the correlations to be foQnd near the 208Pb closed shell. 

Included in figure 14 are the states of 212Fr to be dis·-

cussed in chapter IVe 

Spins and parities of the levels of 210At have not 

been measured, but some information might be deduced from 

the corresponience between 210At and. 208Bi. It is stressed 

that these assignments are speculative and are not- meant to 

be construed as experi!Ilental resUlts. 

It is reasonable to assign-the grom1d and first 

excited states of 210At to sp1ns and. parities of (.5+) and 



FIGURE 14 

Energy le~;el structures of the N = 125 isotones. 

The theoretical and experimental work on 208Bi 

is compared to the present results for 210At and 

212Fr. 
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(4+) respectively in direct analogy with 208Bi. Both alpha 

decaying levels of 214Fr populate these states and L = 3 or 

5 transitions will be predominant in both cases. 

For the following configuration, both ·214Fr states 

populate the lowest level which is (6+) in 208Bi. The next 

level in 208B:t is (~). If the analogous state exists in 

210At at 594 keV, one would expect it to be populated by 

both isomers. It is suspected that the slight broadening 

observed for the 7.84 I1eV 212At group may correspond to a 

transition from the (1-) state of 214Fr to the 594 level in 
210 t 

A • 

A distinct pattern emerges for the next set of levels 

arising from the (p312)-1 (h912) configuration. Both isomers 

have transitions to the lowest level which would involve L = 
5 alpha particles if the state were {5+). The (9-) level 

appears to exclusively populate the 210At level at 971 keV, 

whi,le the (1-) isomer exclusively populates the 1039 keV level. 

It is possible, ho"t'lever, that the (1-) isomer does populate 

the 971 keV level, since the transition would fall below the 

211Po group at ? • 45 r~rev. This would. help to explain the 

excitation function behavior of the 7".45 MeV peak in the 

208pb + 11B reaction. There is no similar evid.ence, ho'tArever, 

for a (9-) isomer transition to the 1039 keV level. 

The above spin and. parity considerations for the 

levels of 210At are useful for the calculation of penetra-
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TABLE I 

Alpha Groups of Francium 214 

214Fr 210 b2 Energy At Level % L Penetra-
J'j'f {HeV) J'ir (keV) bilitl {keVl 

(1-) 8.426 ± (5+) 0 93 .o 5 1.03x1o-15 5.15 
0.005 

(1-) 8.358 't (4+) 71 4.7 2.98xlo""'16 0.091 
0.005 

(1-) 7-937 t (6+) 510 1.0 5 4.13x1o-18 1.39 
o.oos 

(1-) 7.605 ± ( 5+) 854 1.0 5 3.87x1o-l9 14.8 
0.008 

(1-) 7.406 ± 1039 0.3 5 a·. 6Jx1o=20 19.9 
0.008 

(9-) 8.546 ± ( 5+) 0 46.0 5 2.17x1o-16 1.82 
0.005 

(9-) 8.477 t (4+) 71 50.9 5 1.42xlo-16 3.08 
0.005 

(9-) 8.046 t {6+) 510 0.9 3 3.92x1o-17 0.197 
0.008 

(9-) 7.963 ± (4+) 594 0.7 5 4.94x1o-18 1.21 
0.008 

(9-) 7.708 ± ( 5+) 854 1.1 5 8. 20xlo-19 11.5 
o.ooa 

(9-) 7.594 ± 971 0.5 5 3.56x1o-19 12.0 
0.008 
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bilities and reduced widths~ These are determined from the 

experimental data using the appropriate equations given in 

section 1.2-lv A summary of the results obtained for 214Fr 
is contained in table I, using the lowest allowed alpha par

ticle L-~rave in each instance. For those levels for which 

possible spin and parity assignments could not be made, an 

L = 5 alpha particle is assumed. 

The reduced widths for the alpha decay of 214Fr are 

a factor of 10 - 1000 smaller than those for neighboring 

even-even nuclei14• This is to be expected since alpha 

particle formation in nuclei having an odd number of 

neutrons or protons often involves the splitting of nucleon 

pairs. The extra energy required for this process decreases 

the probability of alpha particle clustering, and it has 

long been recog~ized that alpha decay involving unpaired 

nucleons is hindered58 • 



4.1 Introduction 

CHAPTER IV 

ACTINIUH 216 RESULTS 

The study of 21 6Ac and 212Fr is interesting since 

these nuclei c.iffer from 211..'-Fr and~ 210At respectively by an 

additional proton pair in the h
9

; 2 shell. It is expected, 

therefore, that some. ana.logies will exist with the results 

obtain~d in chapter III if the extra protons do not signifi-

cantly alter the neutron-proton force. 

Rotter et al.52 first reported the existence of the 

alpha particle emitter 
216

Ac l~ith Ea = 9.14 NeV and t 112 = 

0.39 msec. These results have been extended by Vall.i and 

57 216 Hyde l 1Tho have observed. 4 alpha groups belonging to Ac, 

produced by 'bombardment of 209B1 lotith 12c. This reaction 

has also beer.. studied 1n the present ~rork but with· improved 

resolution an~ counting statistics. 

A typical spectrum obtained in this investigation is 

shown in fi~1re 15. In orde~ to discriminate against the 

longer-lived 214Fr, data accumulation began at the start of 

the beam bur8t and continued. for only 3 msec thereafter. 

The origin of the 214Fr peaks in the 209Bi + 12c alpha par~ 
ticle spectrum has been explained in section 3.3. Activity 

arising from 215Ra is also observed and is due to charged 

43 particle emission from the compound nucleus • 

lrO 



FIGURE 1.5 

216 Alpha parti~~le spectrum of Ac groups prod.uced 

by irradiation of 209Bi with 84. 5 f.1eV 12c ions. 

Data accu~ulation took place 0 - 3 msec, where 

time 0 is the beginning of the beam pulse. 
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This nuclide is to be discussed in chapter V. 

As in the case of 214Fr, the alpha groups of 216Ac 

are observed. to originate from 2 d.ifferent states. 

4. 2 Hetastable State .Tre.ns-i tions 
216 Excitation functions measured for the Ac alpha 

transitions are sho1·m in figure 16. The excitation functions 

of the tl·lo :JJ:l8~in groups at 9.028 and 9.106 HeV are 1-rell 

cha..racterizec. and are obser-ved to attain a maximum at a 12c 

energy 12 HeV less than the maximum for 21 5Ac at 7.602 I~1ev.59 • 

Two very "t··real: groups at 8.198 a.nd. 8. 283 HeV are also observed 

but comprise less tha.n 5% of the total alpha decay of 216Ac. 

The relative cross sections for these groups could not be 

measured at all bea.n energies d.ue to the domination of the 
214 

Fr peaks. Hovrever, the excitation functions appear to 

follow those of the 9.028 and 9.106 HeV peaks. 

Deca-~/ curves for the 2 main groups are plo-tted in 

figure 17. The half-life of 216Ac is 0.33 ± 0.02.msec. 

This value has been corrected. for the collection time effect 

since the 216Ac decay curves are within the 8 msec limit 

described in section 2.4 • 

. 4. 3 Ground. State Transitions 

The resolution attained in this work ( 2.5 keV, FHE:irl) 

was sui'ficient for the observation of a group at 9.070 ± 
0.008 HeV whlch is assigned. to the ground state of 216Ac. 

The excitation f1.mction of this group was measured after 

meticulously subtracting off the line shape of the 2 main 



FIGURE 16 

Excitation functions of 216Ac and 21 .5Ac produced 

in bombardments of 209Bi with 12c~ 
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FIGURE 17 

Decay curves for the 9.106, 9.028, and 9.070 
?16 + groups of ~- Ac. The half-life is 0.33 _ 0.02 msec. 
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216 Ac peakss end the resUlts are shown in figure 16. It is 

clear that the relative cross section for the production of 

this group is displaced to 3 MeV lower excitation relative 

to the mete~stable state transitions. 

The half-life of the 9.070 MeV group is experiment-

ally the same as that measured for the metastable state 

transitions~ This might be expected, however, since the 

transition is only 36 keV removed from the 9.106 HeV group; 

energy change is the dominating factor affecting alpha de-

cay rates. 

A weak group at 8.99 ~ 0.02 MeV is observed on the 

low energy tail of the 9.028 MeV peak 5 but could not be 

sufficiently resolved for a meaningful excitation function 

measurement. Details of the 216Ac transitions between 8.9 

and 9. 2 1~1eV s.re shotm in figure 18 for 3 different 12c in-

cident beam energies. On the basis of the alpha· decay 

systematics of the metastable state decay, a group at this 

energy corresponding to a transition from the ground state 

is expected.. Since no other kno1m alpha transitions at 

this energy ca"Yl. result from the products formed in this 

reaction, the 8.99 Iv!eV group is tentatively assigned to the 

ground state of 216Ao. 

4.4 Levels of Actinium 216 

Alpha transitions observed in this work for 21 6Ac 

are compared to the results of Valli and Hyd.e57 in table II. 

Their asstgnments, which were tentative, are not consistent 



FIGURE 18 

Detail of the 216Ac groups bet"tieen 8. 9 and 9. 2 1·~eV 
at 3 incident 12c energies. The solid line repre

sents the Gaussian line shape calculated from the 

experimental points. 

A. ~= 88 HeV 

B. ~= 78 HeV 

c. ~= 72.5 1·1eV 
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TABLE II 

Alpha Groups of Actinium 216 

Energy 
(l1eV) 

This vlork 

9.106 :!: 0.00.5 

9.028 ~ 0.005 

Be28J -: 0.008 

8.198 ~ 0.008 

% 
Assign .... 
ment* 

M 

M 

I vi 

H 

9.070 + Oc008 -90 G 

( 8 • 9 9 : 0 • 0 2:) - 10 G 

* r·I = metastable transitions 

G = ground state tre.nsi tions 

Valli and Hyde 

Energy 
( 1-!eV) 

9.10.5 

9.020 

8.283 

8.198 

Assign
ment* 

M 

G 

~1 

G 

55 
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with the present results~ The essential reasons for the 

discrepancies are as followsc The Valli and Hyde interpre

tation is based on energy differences only without addition-

al experimentt:tl evidencee However, the energy obtained in 

the present l11:lrk for the 9.028 lileV group is inconsistent 

with this conclusione Furthermore, the definitive result 

in the present work is the observation of the 9.070 MeV 

group and the measurement of its excitation function shift. 

The absence of this effect might cast serious doubt as to 

the occurrence of isomerism in 216Ac. 

It iE therefore concluded that the alpha decay of 

216Ac is qualitatively similar to that of 214Fr and 212At. 

214 Applying the same arguments as in the case of Fr, a spin 

and parity (t-) is assigned. to the ground state of 216Ac, 

and (9-) to a metastable state at 37 keV excitation. A de-

cay scheme consistent with the experimental information is 

presented in figure 19. 

4. S Levels of Fr;mcium 212 

The 1iecay of 216Ac populates 4 levels in 212Fr. 

From these results, it can be argued that the levels of 

212Fr exhibit the same characteristics observed in 208Bi 

and 210At. A comparison of the levels of the 125 isotones 

is made in figure 14. The first 2 states of 212Fr likely 

arise from the (p112)-1(h9; 2) configuration coupled. to 

angular mome:n ta { 5+ ) and. { 4+) • 



FIGURE 19 

Alpha parttcle decay scheme of the isomers of 21 6Ac~~ 
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The states arising from the (fs/2)=1 (h9; 2) config

uration are notably absent in the level scheme of 212Fro 

Transitions to these levels would correspond to alpha par= 

ticle energies of approximately 8e5 MeVo The presence of 

the relatively intense 214Fr groups in this region~ however, 

would. effectively prevent the detection of these transitions e 

The next configuration~ predominantly (p312 )'""'1 (h9; 2)S) 

would yield. le~vels from roughly 800 to 1200 keV. It is felt 

that the levels a.t qJ9 and 92.5 keV constitute members of this 

multiplete Thls 1nter:preta.tion is consistent -rN·ith the alpha 

decay of 214Fr in which it is found that the high spin 

isomer populates 2 levels of the (p3; 2)=1 (h9; 2) configura= 

tion at 854 and 971 keV in 210AtQ)· To the degree that 

similarities e1:ist bet\Preen 210 At and 212Fr, it is expected 

216 that the metastable state of Ac would populate the same 

members of thiE: multiplet a 

These c,onsiderations are summarized in table III" 

The predicted angular momentum assignments for the levels 

of 212Fr are used to calculate WKB penetra.bilities and ex-

perimental reduced widthso For these calculations, the 

lowest L-wave alpha particle transition is used in each 

case. An exami~na.tion of table III reveals that the reduced 

widths exhibit fluctuations similar to those observed for 

214Fr. This point will be further considered in chapter VII. 
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TABLE III 

Red.uced Widths and Penet:rs~bilities of Actinium 216 

216Ac 
Energy 

212Fr 
L Level Penetrability 62 

J7r ~HeVl J1T ~keV) (keVl 

(9-) 9.106 ( .5+) 5 0 1.37 X 10-l5 2 • .54 

(9=) 9.028 (4+) 5 80 8.77 X 10-16 4.27 

(9-) 8.283 {5+) 5 839 8.86 X 10-lB - 21.3 

{9-) 8.198 5 925 ,5.03 X 10-lS 25.4 

(1-) 9.070 (5+) 5 0 1.03 X 10-l.5 6.42 

(1-) (8.99) (4+) 3 80 2.8o x to-15 0.263 



5.1 Introduction 

CHAPTER V 

RADitrM 215 RESULTS 

The eve~n-odd 127 isotone 21 5Ra ·was first reported 

by_Griffioen and Macfarlane51 to have an alpha-energy of 

8.7 MeV and a half-life of 1.6 msec. 

The ground state of 21 5Ra involves a single 2g
912 

neutron in the presence of 3 proton pairs and the inert 
208 Pb core. Isomerism is not expected in this case since 

the low energy states are thought to be perturbed shell 

model levels, "TJJhich in this region d.o not involve spin 

changes great e:nough to hinder gamma emission. The even

odd 127 isotone 211Po, however, emits alpha particles from 

its ground. state (9/2+) and from a metastable level (25/2+) 
60 at about 1.5 HeV excitation • Since there is reason to be-

lieve that some regularity exists in the energy levels of 

this region, a metastable state in 21 5Ra at about the same 

excitation is possible. However, the decay energy involved 

in this instance would be approximately 10 HeV. A state 

emitting ru1 alpha particle of this energy is expected to 

have a half-life of only a few microseconds, which is well 

beyond the capability of the helium jet recoil method at 

this time. 

60 
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The alpha decay daughter of 21 5Ra is 211Rno In 

terms of the sh.ell model 9 the ground state of this nuclide 

consists of a :3p112 neutron hole plus 2 proton pairs o The 

low-lying ener,g-y levels of 211Bn, therefore, are expected 

to exhibit the properties of a single neutron hole state in 

20~Pb perturbed by proton pairs. 

Subsequent studies of 21 5Ra have reproduced the re .... 

su..l ts of Griffioen and. l1acfarla.ne ~ but have not revealed the 

more detailed ~ature· of its decay529 59o New data has recent

ly been reported. by Valli and Hyde57~ however 9 that parallels 

the results presented hereo 

An alpha particle spectrum (for 7*"9 r•1eV alpha groups) 

of the products resulting from the bombardment of a 4 mg/cm2 

target of 209BJ~ with 68 MeV 11B ions is shown in figure 20" 

The compound nucleus for this reaction is 220Ra*., In addi-

ti t di 1 h ti it f 211 212At~ on . o ra. . urn groups 11 a p a a.c v y rom PoSJ ~ 

214Fr, and 21 3Rn is observed in the spectrurno 

As in the case of the 208Pb( 11B51 xn) 219c:oxFr reaction~ 
most of the Po and At groups originated from multi~nucleon 

transfer processes or by charged particle emission from the 

·compound nucleus. Nuch of the ground state 214Fr, however, 

resUlted from. the electron capture decay of 214Ra, which 

has been discussed in chapter III. 

The 213Rn group at 8 ~090 r.Iev5L!- is produced as the 
217 . 

e.lpha d.ecay daughter of Ra which d.ecayed. before reaching 

10 11 the detectorQ This nuclide has been detected ~ , however, 



FIGURE 20 

Alpha particle spectrum of the products resulting 

from the bombardment of 209Bi with 68 NeV 11B ions" 
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208 16 in bombardments of Pb targets with 0. These results 

are discussed in section 6o1.., 

5o2 Rad.ium 215 Alpha Transitions 

Three 21 5Ra alpha groups are observed at energies 

of 8. 701, 8 o 17 5~ and 7 "88.5 I11IeV. Excitation functions of 

the 21 5Ra activities and of 214Ra have been measured and 

are summarized in figure 21g The 21 5Ra groups peaked at an 

excitation energy 11 NeV lower then 214Ra 9 which was con

sistent with their assignment. 

The measured decay curves for 21 5Ra are shovm in 

figure 22.., From these d.eterminations, the half..,life of 

21 5Ra is 1. 56 : 0.10 msec. The group a.t 7.885 !·ieV appeared. 

to have a half=life closer to 1o3 :!:: Oe2 msec, but this re

sult was in experimental agreement with the other 21 .5Ra 

activitiesQ 

Valli and Hyde57 have also observed. 3 alpha activi

ties belonging to 21 5Ra. Their results are compared to the 

energies meas1rred in the present work in table IV. Slight 

discrepancies exist~ possibly due to the larger counting 

statistics attained in the present work • 

. ·5·3 Levels of Radon 211 

The 21 1Rn states populated in this work are sho1·m 

in figure 23 and are compared to the first 3 levels in 20 7Pb 

which correspond. to neutron hole states in the 208Pb coret9 

From these results it is apparent that -the lowest states of 



FIGUBE 21 

21.5 214 Excitatlon functions for Ra and · Ra produced 

from the reaction 209B1 + 11B~ 
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FIGURE 22 

Decay curv~es for 215Ra activitiese Half=1ife = 

1e56 ~ Og03 msecg 
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FIGURE 23 

Alpha deoaJ" scheme of 21 5Ra~ The lo1'1=lying levels 

of 211Rn are compared to those of 207pbG 
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TABLE IV 

Alpha Groups of Radium 215 

This Hork Valli 

b2 and Hyde 
Eo Ini; Level in Probable 
lieV % 211Rn J1T Eo 

(keV) (keV) ( I'le V} 

8.701 "t 96.0 0 (1/2-) 6.9 8.698 ~ 
o.oos 0.005 

8.175:!: 1,4 536 ( 5/2-) 0.63 8.168 '! 
o.oos 0.008 

7 .885. ± 2.6 832 (3/2-) 8.6 . + 7.880 -
o.oos 0.008 
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211 Rn retain much of their single particle characterG The 

effect of the .4 protons in the h
912 

shell is to perturb the 

energy spacings to lower values, and. could. be a consequence 

of core polarizationo 

The tr:a.nsition to the ground state of 211Rn accounts 

for 96% of the total decay of 215Rao The large branching ratio 

is an example c>f the importance of .the energy factor on alpha 

decay rates since the single particle spacings are relatively 

large in this regione The branching to the 0~~83 HeV level$) 

however, is 2., 6% compared lfrith the 1. ~~ 4% branching to the 0 s 54 

NeV state" Th<~ reason for this apparent reversal must be 

due to the size of the relative matrix elements for alpha de~ 

cays since L = 3 transitions are involved in both cases. 

EJ..rperimental alpha reduced widths, b2
, have been cal

culated. for the observed transitions using angular momentum 

values for the levels of 211Rn in analogy with those of 20 7Pb. 

For these calculations, it was assumed that the grou..nd state 

of 215Ra was (9/2+) as predicted by the shell modele The re

sults are presented in table IV. 

The reduced. widdth represents the nuclear effect on 

alpha decay and depends on the size of the matrix element 

between the two stateso It is clear from these calculations, 

therefore, that the branching to the 0 e 5Lrt HeV level is hind-

ered vri th respect to the other t"t·J'o transitions~~~ 

211 Since the levels of Bn appear to be predominantly 

single particle states 9 one expects the shell model theory of 

alpha decay to be applicable to the observed transitionsg 

These results 1-rill be· discussed 111. section· 7 ~ 2" 



6.1 Introduction 

CHAPTER VI 

NEW ISOTOPE RESULTS 

It is estimated that less than 50% of the isotopes 

existing between the limits of nucleon stability have been 

sy-!lthesized. and stud.ied. Investigations of unlmo'Wil nuclides, 

therefore, are~ both inherently interesting and necessary to 

further the urtderstanding of nuclear structure c 

There are few experimental techniques capable of 

directly deteeting new isotopes having half-lives in the 

millisecond rE!gion; there are virtually no methods for the 

satisfactory c:~etection of microsecond activity. The latter 

problem can be circumvented, hol'lever, by the careful study 

of alpha decay chains in which a relatively long-lived 

parent nuclide is used to populate the levels of a·relatively 

short-lived dELUghterc The parent-daughter relationship can 

then be established. on the basis of excitation function and. 

decay curve data. 

An alpha particle spectrum for the·products result

ing from the irradiation of 208Pb targets with l6o ions is 

sho~m in figure 24. Four new isotopes are identified from 

the study of this reaction: 222Th, 221Th, 
218

Ra and 21 7Ra. 

Unpublished. results of Hacfarlane and Griffioen67 suggest 

that 217Ra may be an alpha emitter of energy ...... 9.0 I~eV. 



FIGURE 24 

Alpha particle spectrum of the products resulting 

from the i:CTad.iation of 208Pb with 84.5 l~eV 16o ionso 
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6.2 Thorium 221 end Radium 217 

The most promina._llt groups in the spectrum sho't"m in 

figure 24 are those belonging to the 221Th alpha decay chain: 

Identification. of the new isotopes ~21Th and 21 7Ra is based on 

predicted energies from alpha d.ecay systematics 37, decay 

curve data, an.d by the correlation of relative cross section 

data. 

Excitation functions for the products of interest 

resulting from. the 208Pb + 16o reaction are plotted in 

figure 25. Activities at 8.990, 8.472, 8.146, and 7.733 HeV 

are observed to·haye the same yield-energy dependence as the 

known alpha group of 
213Rn (Ea.= 8.090 HeV, t 1; 2 = 19 msec~4 

and can therefore be assig-ned. to the 221Th decay chain. 

Decay curves for these groups have been measured by 

the proced.ures outlined in section 2.4 and are shol'r.a in 

figure 26. All 4 groups exhibit the same apparent half-life 

which must be that of the parent 221Th, 1.7 ~ 0.2 msec. 

However, 217Ra, pred.icted from alpha decay trend.s to have 

Ecr..- 9 IvieV and t 112 < 10 f-~Sec, is expected to be in the spec

trum. This is the 8.990 ± 0.008 MeV group whose decay curve 

relative to the machine pulse (described in section 2.4) 

follow·s that of the much longer-lived. parent 221Th. 

In principle, one or more of the groups at 8.472, 

8 .146, and 7. 733. 11eV could. correspond to an alpha transition 



FIGURE 25 

Excitation functions mee .. sured for 222Th, 221Th, 

218Ra and. ~217Ra groups produced in the reaction 

208Pb + 160 • 
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FIGURE 26 

Decay curves of 222Th and 221Th~ The short~lived 
217Ra at 8.990 HeV Decays away l-Tlth the same half

life of the parent 221Th 

222 + Th t 112 = 4.0 _ 0.6 msec 

221
Th t 112 = 1.?: 0.2 msec 
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of 217Ra to ro1 excited state of 213fu1o However~ these groups 

are assigned to 221Th for the following reasonse The pre= 

dieted ground state alpha decay energy of 221Th is -8c5 MeV 

which agrees well with the group at 8 CJL~?2 I;leVo The intensity 

of the 221Th parent groups must be at least equal to the in~ 

tensity of the daughter 217Rae Hence~ the 8o146 MeV group 

belongs to 221Th and not 217 Rae Finally~ the 7e733 MeV 

group would. relate to an alpha transition to a 1"3 HeV excit""' 

·ed state in 21 3Rn if it were assigned to 21 7Ra" This state 

would not be expected. to be populated with measurable in .... 

tensity for the counting statistics obtained in this work, 

since alpha d.ecay rates are exponentially dependent on 

energyo It is highly probable, thereforei that the 7c733 

MeV group belongs to 221 Th. 

To consolidate these results~ the true half-life of 
217Ra was measured relative to the parent 221Th using a 

time-to-amplitude converter (TAC). 221 The· 2 prominant Th 

peaks (8e146 and 8.472 HeV) and the 217Ra peak were elec-

tronically gated to produce a start and stop :pulse respec., 

tively on the TAC& The TAC prod.uced. a bipolar signal, pro_, 

·portional to ·:the time difference between the start and stop, 

which to.ras routed into a pulse height analyser., The analyser 

was calibrated. using a pulse generator whose output was di-

vid.ed into a ~prompt signal~ used as the start pulse on the 

TAC, and a delayed signal, used. as the stop pulse" By vary~ 

ing the delay, a calibration curve could be obtained. The 
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results of this measurement are shown in figure 27, and the 

half-life of 21?Ha is determined to be 4 ± 1 ~sec. 

The decay schemes of 221Th and 217Ra are illustrated. 

in figure 28e A discussion of the reduced widths for the 

alpha decay of' these nuclei is to be found in section 6o4~ 

6.) Thorium 222 and Radium 218 

Alpha particle transitions at 7.984 and 8.392 MeV 

are assigned to 222Th and 21Baa respectively" The excita

tion function~: for these groups, plotted in figure 2.5, 

appear to maximize at the same incident 16o beam energy as 

the 221Th groups, but decrease much less rapidly at lower 

energies~ Th:ts is a result of the retarding Coulomb barrier 

for the 208Pb + 16o~224Th* reaction at 80 MeVo It is 

evident that the optimum excitation energy for 222Th forma~ 

tion lies below the classical barrier. This explains the 

low intensity of the 222Th group in the spectrum~ · 

The half=life of 222Th, determined from the decay 

curve in f igu:r-e 26, is 4 .. 0 : 0. 6 msec. Due to poor count

ing statistics, however, the half-life of the 218Ra daughter 

at 8.392 MeV ~~ould not be measured., 

Table V summarizes the results obtained for the new 

isotopes discussed in·this chapter. For comparative pur= 

poses\J the pri~dicted or calculated s.lpha decay Q-values of 

Viola and Seaberg 37 are tabulated along with those obtained. 

experimentally0· It is noted that the predicted values for 
218Ba and 21 7Ra are in excellent agreement with experiment 



FIGURE 27 

True decay curve of 217Ra. The method of determin

ing this c<~rve is d.escri bed in the text. 
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FIGURE 28 

Alpha decay scheme of 221 Th and 217Ra~ 
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TABLE v 
New Isotope Results 

I so-= Ea: t1/2. Q Q* 62 En** Int 
tope (~ieV) (MeV) (l-ieV) (keV) % 

(msec) ex-o vs L = 0 (keV) 

222Th 7e98L~ "± 4.0 '!: 8e130 8.230 106 0 100 
0~~~008 0.6 

221Th 8.472 "!: 1.7.± 8.628 8.710 3.10 0 31§6 
0.005 0.2 

8.146 :!: 8t)296 5).,2 332 62m4 
0.005 

7e733 t ?.876 95.2 752 6eO 
0.008 

. 218Ra 8 e 392 ~: 8 • .549 8.560 0 100 
0.008 

217Ba 8.990 ± 0.004 ± 9.159 9·176 41Q5 0 100 
OeOOI3 0.001 

* Predicted or calculated value of Viola and Seaborg 

** Daughter le-vel populated 
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.and are somewhat better than those predicted for 222Th and. 

221Th. This is not surprising as the latter results were 

obtained by el~rapolation of experimental data, while the 

former results were obtained. by interpolation. The corres-

pondence of the experimental and predicted Q-values ind.icates 

the value of Viola and Seaborg's work for the determination 

of new isotopes from alpha decay studies. 

6.4 Reduced Widths 

Reduc~ad 1-1id.ths calculated for L = 0 alpha particles 

are listed in table V. The transition from the even-even 
222 218 Th to the even-even Ra represents the most favored case 

of alpha decay. Alpha particle formation takes place from 

paired nucleons and only S-wave transitions are involved 

since J7T = (0+) for both parent and daughter. Accordingly, 

the reduced width for 222Th is 106 keV \'Thich is a. factor of 

30 greater than the reduced width for the ground. state decay 

of' the even-odd 221Th. 
221 The reduced. widths of Th are interesting in that 

transitions to excited states in 21 ?Ha are favored over the 

ground state transition and the reduced widths approach the 

values obtained for neighboring even-even nuclei. To under-

stand. this effect, ho.wever, much more information must be 

obtained vrith respect to the nature of the states involved 

in these trru1sitions. 

The xegion of discussion, however, is close to the 
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point lrhere the spherical shell mod.el has validity. The re-

duced. width for the 217aa 213 to Bn ground state alpha trans-

it ion is 41.5 keV which suggests that paired. nucleons are 

involved. in alpha particle formation. It is reasonable to 

assume that paired protons take part in alpha particle clus

tering in the even-odd 217Ra nucleus. If 3 neutrons fall 

into the 2g912 shell model state, then the grotmd state d.ecay 

can also involve a neutron pair, This would explain the 

. 217 large reduced width value for Ra. 



CHAPTER VII 

DISCUSSION OF RESULTS 

7.1 Isomerism in the Odd-Odd 127 Isotones 

The systematic occurrence of isomerism in the .odd

odd- N = 127 1sotones is no1..; established and arises from 

the coupling o-r a g
912 

n·eutr~n and an h9; 2 proton. It is 

experimentally observed that the addition of proton pairs 

to the h9; 2 shell does not affect the qualitative nature of 

this coupling. Hence, these nuclei are characterized by a 

{ 1-) groun~· stat_~ ~d. a _( 9_-) metastable state. 

An examin~tion of the energy levels of 210Po reveals 

that the energy req~ired to uncouple a proton pair ~rom 
2. . 2 " 60 

(h91·2) J=O to (h912 ) J=2 is 1.18 heV • Assuming· that the 

pe.iring energy does· not radically change in the presence of 

additional pairs, then levels belo-vr 1.18 IvieV excitation are 

expected. to retain the J=O pro-'con-proton coupling. 

This is clearly the situation for the grol.Llld and 

metastable states of 212At, 
214Fr, end 21 6Ac, ~d1ose (1-) to 

( 9 "") energy level spacings are 220, 123, and 37 lteV respec

tively. Since.th~ excitation energy does not exceed the 

pro·~on pairing energy, the core can be increased in size to 

include the inert proton·s It In addition to the increase · in 

size, one· would expec~ a larger degree of core polarization 

81 
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as extra nucleon pairs are ad.ded., This might qualitatively 

explain the decreasing energy separation of· the (1-) and (9-) 

states between 210Bi and 216Ac. By taking these effects 

into account, one might anticipate that a short-range tensor 
1 

force such as that used by Kim and Rasmussen could be uti-

lized. to theoretically determine the levels of these isotones 

7.2 Reduced. v11dths of F-.cancium. 21~L and Actinium 216 

A co!llparlson of the reduced 1-1idths of 214Fr (table I) 

and 216Ac (table III) reveals two salient points: a) the re

d.uced 1'J'id.ths of 216Ac are all slightly enhanced l'J'ith respect 

to 214
Fr and b) the fluctuations in the relative reduced. widths 

for transitions to daughter levels sholr the same trends. The 

-latter observation cro~ be illustrated by normalizing there

duced l·ridths to the ground state to ground state transitions: 

Configuration Transition 214Fr 216Ac 

(1-) - (5+) 1 1 

(1-) - (4+) 0.02 0.02 

(9-) - (.5+) 0.)5 0.40 

(9-) - (4+) o.6o 0.66 

(9-) - (5+) 2.2 3-3 

(9-) (IH) 2.3 4.0 

The first point is easily explained, since the extra 

proton pair in 216Ac is expected to enhance alpha particle 
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formation. The second point indicates that it is the neutron 

single particle states that have th·e greatest influence on 

the d.ecay rate. Again, this is not surprising since alpha 

particle formation will involve paired protons in the h9; 2 

shell, leaving the odd proton undisturbed. 

A quantitative discussion of the reduced width fluc

tuations of 214Fr or 216Ac would require detailed knowledge 

of the neutron and proton wave functions involved. Calcula

tion of theorei;ical red.uced widths for an odd-odd nucleus is 

beyond the scope and purpose of the present t'-rork. However, 

in the next tlvo sections, theoretical reduced widths calcu

lated from the Nang shell model theory l'-Till be presented. for 

. much simpler ce.ses of alpha decay, the even-odd 12? isotones. 

7. 3 Reduced ~{idths of the Even-Odd 12? Isotones 

It is of interest to determine how ~rell the shell 

.model theory of alpha decay can simulate experimental trends. 

The alpha decay of the even-odd 127 isotones represents a 

particularly si:nple mode of alpha decay, since the protons 

are all paired and. the neutron orbitals involved are particle 

or hole states in the N = 126 core. Therefore, equation 1.14 

can be directly applied. 

In order to evaluate eq.uation 1.14, a form :ror the 

radial wave funetions must be chosen, For the present case, 

pure shell model configurations eJre assumed end are described. 

by harmonic oscillator wave functions. The radial dependence 



of the reduced width is then approximated by 
24 

X 

X 

7.1 

where CL = 0 .1'?5x1o 26cm-2 a..nd L~+l/2 is the generalized 

Laguerre Polynomial 

The connection radius R
0 

is chosen at 9 fm. 
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It is found. that· the theoretical values calculated from 

the Mang theo~y differ from the experimental values by a ~actor 

of 104 for a connection radius of 9 fm. This is consistent 

·with the work of Zeh61 who calculated reduced widths for 
211

Po using several different radii. l.foreover, the experi-

mental and th{~oretical reduced widths are not defined in 

exact-ly the same. manner and the values are expected to differ 

by a factor of -6. This point is discussed in reference 13. 
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To facilitate comparison, therefore~ 211Po is taken 

as a standard and. the theoretical reduced. width is set equal 

to the experimental value., These results are summarized in 

table VI., By using this procedure, it is hoped to minimize 

any ambiguities introduced by the choice of the radial wave 

functions a~d the parameters a and H0 a 

To cle.9.rly present the theoretical and experimental 

trends 51 the ratio of the reduced widths to 211Po are plotted 

in figure 29~ It is ·observed that the Mang theory reproduces 

the sharp rise in reduced width on going from 211Po to 21 3Rn 

and allows for the smaller difference between 213Rn and 21 5Ra. 

However 51 the experimental and theoretical trends at 
217Th become d:Lvergent. The experimental data for 21 7Th is 

not complete s~..nce only an upper limit is known for the half

life~~ By extrapolating the half-lives of the other 127 iso

tones, the half=life of 21 7Th is predicted to be -100 ~sec. 

Using this value l~rould increase the reduced wid.th by a factor 

of J. 

It is c,lea:r, therefore, that the theory breaks do1m 

·at 217Th. It is probable that the nuclear wave function can 

no longer be described in terms of pure configuration shell 

model orbltalse Nevertheless, the results of these calcula

tions show that some of the simple concepts of the shell 

model have validity well beyond the 208Pb coreg 
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TABLE VI 

Reduced Widths of the Even-Odd 127 Isotones 

Nuclide· E tl/2 
Ref 62 exp Y2 

theoret 
(HeV) {msec) ~keV) (L=5) ~keV) (L=,2) 

211p0 ? .L~48 520 60 J. 29 3.29 
213Bn 8.090 19 54 5.6? .5.15 
215Ra. 8.?01 1.56 7.00 5.90 

217Th 9. ~~50 <O. 3 57 > ?.07 5.15 

TABLE VII 

Radium 21.5 Reduced vlidths and Intensities 

211Rn L P/P y2;y2 Int Int 
Level gs gs (theoret) (exp) 

xlo-2 

Jp1/2 5 100 1 100 100 

.2f5/2 3 15.9 0.08 1.3 

5 ).56 0.30 1.1 

7 0.43 1.26 0 • .5 

2.9 1 • .5 

. JpJ/2 3 2.20 1.19 2.6 

5 0.49 0.66 0.3 

2.9 2.7 
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?.4 Delta~Function }iod.el Applied to Radium 215 

The e:Kperimental results obtained. for 21
5Ra suggest 

that relatively pure shell model states are :involved in the 

alpha decay processo Therefore~ Rasmussen's equation 1o15 

for decay involving unpaired nucleons is thought to be app~ 

licableo 

It is the purpose of the ~_,function model to repro= 

duce relative decay rates only., Therefore, only the ratio 

of red.uced ~ridths to the ground state decay will be considered" 

Alpha particle formation involves one of the 2 sets 

of paired protons from the h I shell. Since only ratios 
9 2 

are being ca.l,)ulated, the proton factors cancel oute The 

ratio then de~ends on one of the final state neutron orbitals 

of angular mo·:nentum j (p1; 2 s f 
512

, or p
312

} E> The appropriate 

expression is 

where the coefficients B are defined in equation 1"16. 

For the radial neutron wave functions Rj~ harmonic 

oscillator fu~ctions might be used~ However~ a more·realistic 

approach is t.o use the wave functions of Blomqvist and 
62 

Walhborn calculated for a diffuse TtJood.s-Saxon type poten--

tial at 208Pb .. 



The solutions to equation 7e3 for 21 5Ra~ using-

Blomqvist and Walhbor.n wave functions, are shown in table 

VII. Relative reduced wid.ths are calculated for all all.owed 

Relative penetrability factors, calculated from 

equation 1 o 7, are also tabulated and. are multiplied by the 

relative red.uced widths to yield theoretical intensitieso 

The theoretical intensities are added for each transition 

and are compared to the experimental result, which includes 

contributions from all allowed L~waves. The correspondence 

between theory end ex-periment is very reasonable ll) 

It is gratifying that the shell model theory can be 

used to simulate the alpha intensity pattern of 21 5Ra~ The 

experimental and theoretical results both imply that rela~ 

tively pure s:hell model configurations adequately describe 

the ground state of 21 5Ra end some of the low-lying levels 

.of 211Rn., It would be of great interest, therefore~ to 

extend these calculations to some of the other 127 isotones 

once additional experimental data becomes available. 

?.S Atomic Masses 

The experimental measurement of ground state alpha 

decay energies provides a useful and extremely accurate means 

of determining atomic masses. The alpha decay Q-value is 

related to atomic mass through the follo't~ing expression 



where mp, e~d md are atomic masses of the parent and 

daughtet·· nucl~1 respectively. 

It is noted that the quantity relating to nuclear 

90 

mass is Qe 1-rhich is equal to the Q-value plus the electron 

screening correction. Thus, Qe represents the energy re

leased. if the e.lpha decay process we.re to take place from 

a bare nucleus. 

It is customary to express the atomic mass as the 

"mass decrement" which is equal to the total mass less the 

mass number. 

A 
t.lm(Z,A) = m - A z 

The mass d.ecrement is usually tabulated in terms of its 

energy equivalent. 

Atomlc mass decrements calculated for most of the 

nuclei st;udiE!d. in this l·Tork are presented in .. cable VIII. 

Included in the table are alpha groups corresponding to the 

221 Ac > 
21 'i'Fr ~ 21 3At alpha decay chain for v~hich im-

proved alpha decay energies have been obtained. For com

pleteness, the nevr isotope 214Rn, belonging to the 222Th 

d.ecay che.in, is aiso listed. in table VIII. Results for this 

nuclide are preliminary and additional.data is presently 

being acquired.. 

The masses determined in this work ultimately de

pend on a standard ma.ss to t~hich the alpha decay chain is 
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TABLE VIII 

Experimenta~ Atomic Masses 

I so- mo: (MeV) Mass Decrement (keV) 
tope This Previous Ref. This 1964 ~1e.ss Swiatecki 

Work Results Work Table -Heyers 

213At 9e089 t 9.06 61.'- ~6.574 ± -6460 ;: ~?760 
0.,015 17 200 

21:3 . 
Rn 8 s 090 :!: 8~090 54 ..,5700 ! -5652 -!: =6941 

o .. ooe 14 23 
214Rn 9.040 1: =4313 -.!: -4310 t =5579 

Oo020 21 .1000 

214Fr 8.426 ~: 8.430 53 -1065 ± -=930 ± _,2596 
o.oos 26 33 

217Fr 8~320 "±: 8.31 64 4327 ± 4430 ± 2618 
0.008 19 280 

21.5Ra 8.701 ± 8.698 57 2504 t 2529 't 668 
0.005 12 23 

217Ra 8.990 t (9.0) 67 . .5884 + 5949 t 4077 
0.008 16- 38 

~18Ha 8. 392 t 6661 t 6680 '± .5198 
0.008 22 1410 

221Ac ?.640 ! 7.64 64 14533 t 14600 t 13284 
0.008 21 300 

221Th 8.472 '! 16937 -!: 1.5369 
0.005 17 

222Th 7.984 ± 17315 :t 16135 
0.008 23 
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related. These are as follows 

222Th·--~ 218Ra ~ 214Rn ~ 211Po (-15950 + 6) 

221Th --?> 217Ra -·-;»213Rn ~ 209p0 (-16370 + 12) 

221Ac --:::> 217 Fr >213At >209Bi (-18262 + 7) 
21.5Ra >211Rn (-8787 : 11) 

214Fr --:;;::.. 210 At ( -12075 ~ 26) 

where the last isotope in each case is chosen a:s the stand-

ard and the quantity in parentheses is the published mass 

decrement in JceV 
63• For the 221Th decay chain, 1 t 't'las 

necessary to correct the published mass decrement of 213Rn 

as indicated in table VIII. 

An examina.tion of table VIII reveals that the mass 

decrements measiired in this ~rork are somewhat improved rel- · 

ative to those listed in the 1964 mass table of IYiattauch 

~ al. 63 The 1964 mass table also includes some masses for 

. unJmo1m nucle:L calculated from the predicted alpha decay 

Q-v.alues of V:L.ola and Seaborg3? o 

Mass decrements calculated from the Swiatecki-Heyers 

mass formula 35 were taken from reference 36. It is observed 

that the calculated masses are systematically smaller than 

the experimental values. I~Iass formulae are not expected. to 

reproduce accurate masses in the neutron-deficient region 

since formulae parameters are obtained from a fit to all 

known experimHntal d.ata. Since relatively few experimental 

masses have been measured. in neutron deficient regions, mass 



FIGURE 30 

Alpha~beta Jnass-energy cycles for some of the nu~ 

·elides stud:ied in this worke The numbers associat= 

ed with the diagonal lines are the neutron binding 

energies calculated from experimental mass differ

ences~ and. linl-~ the 4n+2 with the 4n+1 serieso All 

units are in keV. 
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formulae heavily favor the region of beta-stability. 

7.6 Alpha-Beta Energy Systematics 

Alpha decay Q-values are useful for extending alpha-

beta closed cycles. Figure 30 is a presentation of some of 

the Q-values :measured in this 1-'Tork incorporated into the 

4n+1 and 4n+2 mass-energy lattices. 

The h~:>rizontal lines in figure 30 represent the alpha 

transitions, ·while the numbers associated t'lith the vertical 

lines are the electon capture decay energies calculated. from 

mass differen~ces. All quantities are given for the. process 

taking place 1n the direction of the arrow. The sum of the 

energies in a~y cycle must necessa~ily be zero .to conserve 

mass-energ-.t. 

The diagonal lines in figure 30 connect the 4n+2 with 

the 4n+1 series. The numbers associated with these lines 

are the neutron binding energies calculated from 

(BE) = (m(Z,N)-m(Z,N-1)-m )c2 
n n 7.6 

where IDn is the mass of the neutron. 

It is clear that much invaluable information about 

the neutron-deficient region can be d.erived from careful 

atomic mass measurements. It is anticipated. that as· ex

perimental techniques improve, the investigation of more of 

these .nuclei llill become feasible. 
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CHAPTER VIII 

CONCLUSIONS 

. Several nuclei in the neutrone=>deficient region have 

been studied using the helium jet recoil transport method . ., 

The prominent fea.tures of these studies are ::ts follows., 

Inves·:t;iga.tions of the alpha decay of 214Fr and 21 6Ac 

have revealed. a systematic occurrence of isomerism in the 

odd.-oo.d N = 127 isotones o The nature of the isomeric states 

can likely be explained using a short r8nge tensor neutron~ 

proton residual force and expand.ing the inert core to in""' 

elude paired protons. Similar tren_d.s are observed in the 

reduced 't'rid.th fluctuations of 2l4Fr and 216Ace 

Levels of 210At and 2~ 2Fr up to -1 I•IeV excitation 

populated. by alpha decay have been studied and a striking 

correspondence l'ras found. to exist bet~reen these nuclei ana. 

208Bi. On the basis of this correspondence, some informa

tion about spins and parities of these levels was d.ed.uced.. 

The alpha decay of 21 5Ra was stud.ied experimentally, 

and theoretically using the b-function approximationa It 

was found ths.t the theory reproduced the experimental re-

sults 't'J'ell 1Arhen pure shell model configurations "t·rere used 

for the grour1d. state of 215Ba end. the first 3 levels of 
211Rn. ExperimentallY. it was observed that the low-lying 

energy levels of 211Bn greatly resembled ·those of 207Pb. 
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The ground state alpha dec_ay of the even=odd 127 

211 213 215 217 isotones P~J, Rn~ . Rap and Th has been stu.d.ied 

theoretically using the Mang shell model theory~ It was 

observed that the theory adequately reproduced the relative 

alpha decay rates up to 21 5Rao At 217Th, theory and ex.., 

periment bec.ame divergenta This l'.Te.s probably a consequence 

of approximating the nucleon wave functions by pure shell 

model orbita.lBQ 

The nHw isotopes 222Th, 
221T-~~ 218

Ra, a.nd. 21 7Ra 

were discovered and. their alpha decay properties measurede 

Reduced. ~Iidth fluctuations 1>1ere understood in terms of simple 

nucleon pai:ri:ng considerations. 

Atomie masses for several nuclei were calculated 

from the ground state alpha decay Q.,Yalues measured ln this 

work. New information concerning neutron binding energies 

and electron-C'.apture decay energies was obtained(! 



APPENDIX 

LSS RANGE THEORY 

Some •Jf the concepts of the Lindhard Scharff' and 

Schiot·c 
65 ra.n,?;e theory are summarized with special emphasis 

on the ranges in helium of recoils studied in this w-ork. 

Lindhard et al. have formulated a- "unified. theory" 

of atomic sto:?ping in terms of i;he 2 dimens ic:nless parameters 

. p and E • These are defined in the follol'~i:ng e::qJressions 

l'Jhere subscript 1 refers to the recoil and subscript 2 refers 

to the_He gas" 

p = 4 2Ky-•"' a !. ••. ::Jl'-!2 Hl 
(E1+H2J2 ' 

A.1 

E = E a£.12 A.2 
2-

z1z2e (H1+ !•12) 

Here, R is the: range (em) , E is the energy (ergs) , e_nd N is 

the nurJber of He atons/cc. The parameter a is d.efined as 

where a
0 

is the Bohr radius. Essentially, p and E represent 

generalized range and energy respectively. 

For the recoil energies encountered in this w·ork, 

both electronic end. nuclear stopping processes are important. 
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In terms of the generalized parameters p and E , the elec

tronic stopping power is 

A.3 

where l/6 
k=Z A.4 

The nu~lear stopping power is derived. assuming that 

the interaction bet"t·Teen the colliding atoms ce.n be described 

by the screened potential (z1z 2e 2/r)U(r/a), l'There U(r/a) is 

the Fermi distribution. Further details are contained in 

reference 65. 

Several generalized range-energy curves have been 

calculated for various values of k, taking into account both 

nuclear and electronic stopping. The parameter k is quite 

insensitive to mass number, and for recoils in the region of 

A= 220, k = 0·.1. The generalized range-energy curve f'or 

k = 0.1 is as follows6S,66. 

50 

5 

2~~~--~----~--~------------~~ 
0.5 tO 2.0 5.0 10 100 

I= 
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As an example, the theory is applied to 224Th. 

Using equation A.1, the generalized range is 4.18 for 224Th 

recoils traversing 1.2 em of He at 1.9 atm. From the pre-. 

ceeding graph, E is determined to be 2.0. Substituting 

this value into equation A.2 ylelds a 224Th recoil energy 

of 2. 8 !·IeV. .A comparison. between theory and. experiment for 

heavy ions in He, ho"toJever, ·reveals that this v~lue could be 

low by as much as 20%65. 
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