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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 ngclei near
doubly~closed shells. In general, it 1s ppssible to consider
the motions of the extra-core particles or‘hbles 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.

Investiéations of the 125 and 127 isotones are par-

ticularly interesting since nuclear shell effects can be

208
126
doubly-~closec shell and the line of beta stability. Theo-

1-4

studied as orie simultaneously moves away from the Pbgo

retical and experimenta15'7 determinations of the energy

208 210

levels of the odd-odd nuclel ~~ "Ri and Bi have showm
125 783 127 83

the importance of a residual neutron-proton tensor component

in the shell model force, The qualitative features of this

interaction are retained8 if a proton pair is added to

210 212,

i . -
1273 83 to form_127At85 In both nuclei, isomerism is ob
served,

The present work has investigated the effect of

1
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216,

1 89
210, .

proton palilrs on the 127 isotones 214Fr87 and end on

their alpha decay daughters, the 125 isotones

212 9,10

Fr respectively . In addition, the alpha decay of

87
the even-odd 127 isotone 2153388 has been studied and the low

211

energy states of its daughter, Hn86, have been determined.

The results are discussed in terms of the shell model theory
of alphe decay to be outlined ln section 1.2-2, In conjunc-
tion with the above studles, the new isotopes 222Th, 221lpy,

2183a, and 217Ra have been obsexrved and their alpha decay pro-

11,12

perties studied . Atomic masses have been calculated

from the careful measurement of alpha particle energies,

Alvoha Decay

Conservation Laws and Barrier Penetravility

Alpha spectroscopy is a useful means of studying the
low energy states of nuclel as decay rates are strongly
energy dependent and are only mildly inhibited by angular
momentum, Sihce it is the low energy states of a nucleus
which generally reflect the most informatlion with respect to
nuclear structure, the contributlion of such studies to nuclear
models is of some importance.

Angular momentum J and parity T are good quantum
numbers for aslpha emission inasmuch as they are conserved in
the strong interaction. Since the alpha particle has even

parity and nc intrinsic angular momentum, the selection rules



take on a relatively simple form, The orbital angular momen-
tum of the alpha particle, L, is restricted by the 1imits

|J

where the subscripts 1 and f refer to the initial and final
states>re3pect1ve1y. If the parities of the initial ahd
final states are the same, then L 1s restricted to even
valuves; if ths ?arities are different, only odé I values are
permitted,

The total energy released in the alpha decay pro-
cess is the sum of fhe kinetic energles of the alpha particle

and the davghter nucleus

+ P2 =85 | 1+ Mme 1.2

where MHe and MD are the masses of the alpha particle and
daughter nucleus respectively, and Egq 1s the experimental
decay energy. |
Alpha transitions must conserve mass-energy and at
infinite separations Q 1é a measure of the diffefence in

atomlic rest rasses of the initial and final s?stems times

the square of the veloclty of light
Q=(M, - M. ~M Y)Cz 1 3
_ o D He * :

As the alpha particle leaves the nucleus, work must

be'done‘against the electron cloud. The ®screening correc-



tion" energy is given by13
Qe = 65.3 (2)7/2 = 80 (2)%/5 &v 1.4

where Z is the atomic number of the parent nucleus. The
effective decay enérgy for the bare nucleus is therefore
3, = Ea 1+%§g+@sc : 1.5
D
The energy avallable to an alpha particle in the

nucleus must be the binding energy of the alvha particle
(28.3 1eV) less the binding energy of the last two neutrons
and protons. Above A = 140 the nucleon binding enérgy has
decreased to a point where the nuclear-alphz interaction
energy is positive, and the decay becomes energetically
vossible. Alpha decay life-times, however, can vary from
nanoseconds to longer than the age 6f the universe which is
a result of the Coulomb barrier the alpha particle must»péne-
trate, In thise respect, it is convenient to express the
experimental alpha decay constant as A= A 6P, where P is
the penetrability factor for transitions through the barrier
and A*o is the reduced decay constant, The significance of
Am)is that it represents the probability of alpha decay in

the absence of angular momentum and Coulomb barrier effects;

1L

A 1.6

This is usually expressed as a reduced width

82=h1\° =

W



The penetration factor P for transmissions through

the barrier {rom ry to r, 1s taken from WKB the@rylu
P =EP - (.211.‘0 Kax) , : - 1.7
Ty
K=1/a\V 2n (V(r) - Q) 1.8

where V(r) is the potentisl barrier eand m is the alpha par-
ticle reduced mass. At the classicel inner and outer turn-

ing -points, r,; and r,, the wave number must vanish, Solu-

tions to eguation 1.8 when X = 0 yiélds*the typical values

ri~ 9 fm and Ty~ 28 fm for the heavy element regilon above

lead,

The potentisl seen by the alpha particie conclsts

of three terms

V(r) = 2762

r

. LIsln s V.(2) . 1.9
- 2mr? N .

The first and second terms on the right of equation 1.9

represent the Coulomb potential and the angular momentum

barrier respectively, The third term is tﬁe nuclear inter-

action potential, This has been determined from an optical

model analysis oF alpha particle scattering snd is given by

the real part of the opbicsal potentiall5
VN (T) = - 1100 Eﬂ 151? A1/3 - I . 1.10

0.574

In this expression, A is the nass number of the daughter
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nucleus,

Some comments should be made regarding the use of
equation 1.7 to calculate experimental penetrabilities. Tbe
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, Vﬁ(r). The WKB integral, there-

16 by as much as a facbtor of 2. A

fore, can be in'error
second objecticn arises concerning the steep slope of the op--
tical model potential, equation 1.10. Poggenburg17 has ad-
vanced arguments in favor of using a Woods-SaxonlB type poten-
tial having a nore gradual slope. This has the effect of de-
creasing Ty and the penetrabilitiles are 34 to 48% lower.
However, one obviates these objections 1f the reduced widths
calculated from the penetrabilities are to be used only as a

basis for comparison of relative alpha decay rates.

Shell [lodel Theo:xry of Alvha Decay

Implicit in the discussion of barrier penetration in
section 1,2-1 is the concépt of an alpha particle oscillating
against a potential barrier within the nucleus. In this re-
spect, the reducel decay constant A‘o is to be interpreted
as the alpha particle interaction frequency with the poten-
tial, and the penetrability P is literally the fraction of
successful transmissions,

The nuclear environment, however, 1is clearly more
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complex thean implied by this simple one-body model.

The many-body concept of alpha decay, first described by

22

Thomas™", realistlcally takes into account the effects of |

nuclear structure. Specifically, it is the shell model
theory of Mang23“27 ﬁhat has met with the greatest success
in explaining alpha decay rates of spherical nuclei., The
Mang theory explicitly takes into account alpha particle
formation from constituent nucleons existlng in shell model
states,
A starting point of Mang's formulation is the assump-
tion that the decayling system can be described in terms of
a time-dependent wave function'@f?(xixz..xﬁgt) involving
the spin and space coordinates of all A nuelecns in the sys-
tem. The quantitiés J and M refer to the angular momentum
of the parent nucleus and its z~-projection. One further
assumes that ths wave function exists in a certain space-
time region where the time dependence is known and can be
factored out. Therefore,@??(xlxz..x 1t) is revlaced by the
shell model wave function of the parent nuclide,\P?(Xlxz..XA).
The alpha particle internal wave function,}(q, de-
pends on the relative space and spin coordinates of 2 neutrons
and 2 protons. It is possible to define a time-independent
probability amplitude, ng(B), for the decaying system in
terms of \p?,)(a, and the shell model wave function of the

daughter nucleus, ?5?.



L M- M
Gy (B) = cfg( JLuM-mTH) Y] m(ﬁ? Xa I;lde?y d€ d,.,Q, 1.11

where C 1is a constant containing normalization end enti-
symmetry terms, .
77,6 ar: internal space and spin coordinates of the
daaghter nucleus and alpha particle respectively,
£) represents the angular coordinates of the alpha
particle with respect to the daughtér nuecleus,

R 1is the relative distance between the alpha par-

ticle and the daughter nucleus,
Essentially, ng(n) expresses the probability that the decay-
ing system coatains an alpha particle and a daughter nucleus
having the spscified quantum numbers,

A salient feature of Mang's theory is that there ex-
ists a radius Ry beyond which the alpha-nuclear interaction
is independent of internal motion and can be completely des-
L

cribed in terms of a two-body potential. For R<R,, C-Jj

to be calculated from shell model wave functions. Mang then

is

expresses the decay constant for all possible final angular

momentum statess in terms of a penetrability, PL(E,RO), and a

2

reduced width, /7 , both calculated at the boundary R,.

JJjL
2
2 2 L !2
- R =N
Virw (Be) =L L IGJJ' (R ) 1.13

2
s



where m is the alpha particle reduced mass., It is now
apparent that the reduced width relates to the effect of
nuclear structure on alpha decay.

Eciuatic)n 1.13 can be solved by assuming that Xq is
a Gaussian type wave function and that there is no config-
urational mixing of the shell model states, The reduced
width of an alpha particle emerging from neutron states
nilydes nolads and a palred proton state n31333 is

')/2 = 1/1’«N1(j1j21/2-1/2lL0)2N3(233+3-N )

JJiL 3
I:Q?(n111n212n313n313;30)] 2 1.1

where N is the number of particles In the speclified state
and B represents the radilal dependence of G?j'

A simplified expression for the reduced wldth is
obtained when the 2lpha wave function is approximated by a
delta function. This eliminates the necessity of integrat-
ing over the relative spaée and spin coordinates of the alpha
particle. Rasmussen28 has successfully applied the delta

208Pb

function model to relative alpha decay rates near the .
closed shell. For decay to closed shells, but involving
neutron states of non-zero seniority, the delta function re-

duced width is

7’5 = const, (2jl+1)(2j2+1)(233+1) -
. 1!15

(21+1)
I , 2 2
3,351/2-1/2110) (R R,R3BpBEn) |
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where the subscripis 1 and é'refer to The neutron states, the
subscript 3 refers to the paired proton state and BI,VRZ, R3
afe the radial wave functions evaluated at the connection
radius, Rasmussen28 has noted that the model overestimates
the contribution to the reduced width ofnhigh—j orbitals.
Fortunately, hoﬁever, the deviations are systematic snd a
correctlon factor depending on the orbital angular momentum

1 can be applied. For equation 1.15, the sppropriate

correction formulae are

B, = EX? [}0.013 13(13+_1)] ‘ 1.16
and B, = EX [-o,0065 11(11+1)+12'(12+1)-1/2L(L+1)] .

The inherent simplicity of the shell model theory is
slso its wealmess. While the agreement between relative ex-
perimental and theoretical decay rates has been excellent,
the calculation of absolute decay constants is not possible.
Some impressive advances in this direction,»however, have -
recently been made by Harada and Eauscherzg. It would appear
that more details of the alpha-nuclear interaction pdténtial

30

are reguired ag well as some consideration of nucleon elus-

tering in the surface region21’31,

The Mass Surface

The Semi-Empirical Mass Formula

- The mass of a nuclide consists of the rest mass
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energy of the constituent nevtrons and protons less the
total nuclear binding energy. It has long been recognized
that the oversll shape of the mass surface can be expresse@
in en analytical form based on the Weizacker liquid drop
mode132. The analytic expression contains binding energy
terms for the volume, surface tension, and Coulomb repulsion
of a charged liquid drop. In addition, a symmetry term

is included whiéh accounts for the extra stability associat-
ed with nuclei for which N=7Z,

Deviations from the liguid drop description, houw-
ever, can be as large as 10 ileV near magic number nuclei and
might well be construed as direct evidence for the existence
of shell structare., It follows, therefore, that terms re~
lating to shell effects must be included 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 included in the analytic exe
pression if the mass law is to relate to nuclear properties.
Over 30 nuclidic mass formulae have now been developed, not
2ll of which fulfil this requirement -2, For comparison
to present results, the Myers-Swiateck135’36 equation has
been chosen since it involves only 7 adjustable parameters
and yet is capable of reproducing exverimental masses to

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

A general characteristic of aipha decay 1ls the high
degree of regularity in the change of the total decay enérgy;
Qs 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 B -stabllity towards neutron deficlent nuclel, there

_is a smooth increase in Q. This is accounted for in terms
of the proton binding energies Whichfare decreasing as more
neutrons are removed, At the N = 126 closed shell, however,
there is a pronounced increase in the neutron binding energles
which offsets his trend. Accordingly, one observes a sharp
decrease 1in the alpha decay energy. Thereafter, the Q-values
once agaein incirease as additional neutrons are removed.

From these considerations, unknown alpha transitions
occurring in aloha decay chains are predicted with reasonable
accuracy. 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 ma& iden-
tify 4 such lattices of closed cycles connecting nuclides
differing by 4 mass units: 4n, 4n+i, 4n+2, and 4n+3, where
n is an integer. Predictlons are made from emplrical extra-
polations of the cycles taking into account the systematics
of alpha decay in a given mass regionBV. 'Thus, the nmass-

energy surface can be extended to unknown isotopes. .
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CHAPTER II
EXPERIMENTAL CONSIDERATIONS

The Helium Jet Recoll Transvort Method

Nuclear reaction products were studied "on-line"
using the helium jet recoil transport technique38’39. The
essential characteristics of the method, illustrated in
figure 1, are now 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 sccelerator, interacts
wlith the target and 1s 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 an 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 szt ~ 25 microns by means

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

At the end of the capillary, the helium carrier gas expands
rapidly into the chamﬁer while the heavier reaction products
are adsorbed onto a stainless steel collection assembly.

The alpha decay of the products was measured by means

2

of 50 mm® annular Si(Au) surface barrier detectors obtained



FIGURE 1

Schenatlc of the helium jet recoll transport
technique for the study of nuclear reaction
products,
Henisphere volume = 0.4 ml
Caplllary diameter = 0.5 mm
Capillary length = 16 cm
Helium pressure = 1.9 atm

Gas flow rate = 50 ml/sec
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from O2k Ridge National Laboratory. These detectors were
observed to have a resolution of 25 - 30 keV (FWHIM). Spec-
tra were taken during aﬁd between beam bursts which came at

a frequency of 10/sec, each burst lasting 2 msec. Shield-
ing was provided by 13 cn of brass which effectively elin-
inated background due to the beam,

Much e’fort has been expended to optimize the helium
jet recoil transport method with respect to collection
efficlency for short-lived nucleiB9. The conditions pertain-
ing to the present work are summarized in the caption of
figure 1; The collection efficiency of this system is de-
pendent on three baslc components: 1. loss of energetic re-
coils which become embedded in the hemisphere; 2. loss of
products by adsorption on the capillary and hemisphere walls;
3. the effect of finite transportation time, The first
effect 1s treated mathematically in section 2.3. It is
found that this componeﬁt of the efficiency 1s essentially
constant with change in beam energy when thick targets are
used (>2 mg/cmz). The second factor is a function of gas
flow turbulence and‘is discussed in detall in reference 39,
Adsorption properties, however, are not expected to fluc-
tuate with bcmbarding energy.

The final effect has been studled for some of the
nuclear recolls formed in this Work39’43. It is found, for

216A

example, thal the collection time efficiency for c (t1/2 =

0.33 msec) is only 4%. By contrast, the efficiency for the
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14Fr (t1i/2 =‘5.0 msec) is 63%.

Tonger-lived °

The collection time efficliency is observed to be
essentially independent of incident beam energy for thick
targetsbB. This result is not surprising since the recoil
energy pattern from thick targets attains a uniform distri-
bution. In terms of range, this indicates that the recoil
distribution extends beyond the end of the hemisphere, cor-
responding to 1.2 en of He at 1.9 atm, For thin targets,
however, the recolil spectrum approaches a Gaussisn distri-
bution which moves towards the back of the hemisphere as
the bean energy is increased. Since the recoll transport
time in the capillary is only 0.25 msec compared to the
overall collection time of 8 msec, it is apparent that any
change in the position of the distribution will affect the
collection time. These considerations are not trivial as
fluctuation in yield must be independent of the experimental
configuration and reflect only the energetics of the reac-
tion being studied,

Many detsaills of the helium jet recoil transport
technigue are not reproduced here but are treated in refer-
enceg 38-42, The method is in a state of constant evolution
in order to improve its transport properties. In its pre-
sent form, the system provides a means of rapid on—liﬁe tar-
get/product separation with correspondingly high spectro-

scopic resolution. It is now being modified in conjunction

with a quadrupole mass Tilter to effect on-liﬁe chenical
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separations.. Besides the obvious use of such a system for
the uvnambiguous detectlon of new elements and isotopes,; the
chemical environment of the nuclear recoils can be thoroughly

studied.

Target Prenaration

FPor reasons discussed in section 2.1, it was neces-
sary to obtain targets infinitely thick with réspect -
to recoil emission. Procedures have been developed to yield

thick (-4 mg/cmz), uniform targets oflzogBi and 208

Pb by
electrodeposition from non-aQueous solvents., NHolecular
plating from non-agqueous solutions has been described by

Parker and Falkub.

2OBPb.(99.5% enriched isotope)

Milligram quantities of
were obtailned from 0ak Ridge National Laboratory in the forn
of the nitrate., A sample was evaporated to dryness several
times with concentrated HC1 to form the chlcride, PbClz.
This was dissolved in the minimum amount of H20 and placed
in a2 20 ml1 heated plating cell with a 50-50 mixture of hot
methanol-isopropanol, This procedure was necessary to in-

208Pb was

sure that the sample remained in solution. The
then deposited onto a 2.3 mg/cm2 copper folil cathode at a
constant current of 1 pamp (~6 volts). For a deposition
efficiency of ~60%, several hours of careful vlating was

necessary. The resulting targets had the dark metallic

color characteristic of the metal and were found to undergo
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e minimum amount of evaporation when subjected to the bean.
Pellets of “C7Bi metal (99.99% pure) were obtained
from Canadian Mining and Smelting Company. A sanple of
these was dissolved in HNO3 and was evaporated to dryness
several times with concentrated HBr. A plating cell solu-
tion was prepared by dissolving the BiBr, in ether to the

209 J

saturation point. The Bl was then deposited from the

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

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

target of bismuth could be prepared from a 20 ml sample of
plating solution. These targets exhiblted the same stabil-

ity characteristic of the lead targets.

Thick Target Recoll Analysis

In order that excitation function data be meaning-
ful, it is necessary to lnsure that the intenslities of alpha
gﬁoups measured at different incldent beam energies correct-
ly reflect the cross sections of formation. The problém is
relatively simple in the case of thin targets (<1 mg/cmz)
since virtually 211 the products formed in the target have
sufficient momentum 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 lon beam of energy Eb (1ab) incident
on a target of tkickness t, the maximum kinetic energy

transferred to the compound nucleus is Er = AbEb/Ar, where
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Ay angd Ar are the masses of the incident lon and nuclear
- recoil respectively. If R, is The mean range of the product
in the target material, then the statistical distribution

of range about R, is assumed to be Geussien:

' 2
P(R)AR = 1 EXP - | ‘B-B.X ag 2.1
\jZWO‘ ,/2 G
A schematic of this function is shown in figure 2
for recolls ejected from a plane perpendicular to the beam

2 fnto the target materisl. If z is

axis and located xmg/cm
the mean range for recoils originating at x, and y is any

point in the distribution, then the range pfobability is

. ' 2
Ply-x)a(y-x) = _ 1 Exp- | (y-x)=(z-%)| d(y-x)
\/zﬁnﬁ' \/330 '

_ 2.2
where (z-x) = R, and (y-x) = R.
The fraction of recoils formed at x that escape the

target is

F(x) = j{ P(y-x)d(y-x) 2.3

t-x)

If by definition o = [(y-»x)-»(z—z)] /JZ &, then dec = a(y-x)/
J2' 0. The lower limit of ¢ is c. = {Ktax)m(zmxﬂ /q@jc.

Hence,

F(x)

i

1/2 [i/ﬁf EXP»(O)zd.c]
| s

1/2 | 1-ERF [}t-x)n(znx{} | 2,4

o




FIGURE 2

The statistical range distribution of nuclear re-

colils formed at a point x in a target of thiclmess t.
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The beam energy at each point in the target, En(x), is a
function of the target thickness the beam has traversed.
The degradation of the beam is Ebo'Eb(X)f Since this is
typlcally only a few MeV, the range-energy curve for the
beam in the target material can be assumed to be linear
over this rezion, Therefore, Eb(x) = Ebo— ax, whgre a is
the slope of tbe range-energy curve evaluated at Ebo.

The mean deviation, o, can be written o = R P,
vhere P is d=fined as the "straggling parameter" and is
essentially independent of energy. Winsberg and Alexanderu5
have experimantally determined the ranges and the straggling
parameter of heavy lon astatine recolils in gold. Their
data indicates that the relatiéﬁ between range'and energy
for astatine in géld is a linear function given by Ro =
0.13 E,, where Ry 1s in mg/cmzand E, in HMeV, The straggling
parameter is 0.42, Assuming these values for slightly
heavier recolls and targets, then Rj = (z-x) = 0'13(Eb¢' ax)
Ay/A_, and o = 0.42R = 0'055(Ebo“ ax)Ap/Ap. The fraction of
recoils formzd at x that escape the target is therefore

t-x-0,13(F. ~ ax)A_/A
b, b’ “'r

F(x)dx = 1/2|1-ERF dx

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

2OBP‘b boubarded by 160 at energies of 73 and 153.5

target of
MeV, As the beanm energy is decreased; the distribution is

shifted towards the end of the target.



FIGURE 3

Recoll escane probabilitles for 224Th recolils

formed in a 5 mg/cm2 208Pb target at 160 bean
energies of 153.5 and 73 lieV (lab)., The curves

were calculated fronm equation 2.5,
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The total escape probability for a particular inci-

dent beam energy is

P(Bp,) = %] F(x)dx - 2.6
(o

The experimental configuration is such that recoils having
sufficient energy to traverse 1.2 cm of helium at 1.9 atm

become imbedded in the hemisphere and are not detected.

From the range theory of Lindhard, Scharff, and Schiott68

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

22L""I‘h this corresponds to a 2,8 MeV recoil., A maximum ter-

get thickness, X s is defined such that recoils originating
from the plane of x, have a mean range of 1.2 em in hellum:

x, = 1/2(Ep,- 2.8A,/Ay). The effective escape probability

is therefore

ad

Jm
Po(Ep,) = i/tj F(x)dx 2.7
o _
Equations 2.6 and 2.7 were integrated numerically

208Pb and 209Bi targets.

2 208

by computer for various recoils in

The results for 224

Th recoils in a 5.0 mg/cm Pb target
are plotted in figure 4. The effective escape probability
is reasonably flat over a wide range of incident beam
energles, TFor an experiment designed to collect the total
activity recoiling from a thick target, however, it is clear
that a correction factor is necessary in order that yield

be proportional to cross section,



FIGURE &4

Graph of the probability integrals P(E,) and Pe(E,)

J .
22%m recoils in a 5.0 mg/cmz 2085y, target.

for
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

_ I 0 xr(x)dx
X =70

X
jom F(x)dx

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

2.8

corrected beam energy, Eﬁ y 1s

b = Ebo-' 8.-‘2 2.9

2.4 Analysis of Data and Exverimental Technidue.

Alpha particle groups were analysed for energy, in-
tehsity, and half-life, This data was used to determine
experimental reducéd widths, excitation functions, energy
level diagrams, and nuclear masses,

As the counting took place from thin sources depos-
i1ted on the collection assembly, the peak shapes were essen-
tially Gaussién. 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 adsorption
of organic lmpurities on the collection surface. For these
reasons, soue 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 were therefore determined by fitting the ex-~

rerimental points near the centroid of the peak to a Gaussian'
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distribution using the non-linear least squares technique.
.Energy analysls was completed by fitting a quadratic func-
tion to the peak positions of known alphsa grﬁup standards
in the spectrum, thus taking into account any inherent non-

linearity of the electronics, In the case of 21#Fr, alpha

energies were assigned relative to the 228Th decay chainné.

For subsequent spectra, the prominent 214Fr group39 were
used as internal standards along with other established
groups in the spactrum.

The above procedure was implemented using the FORTRAN
computer program ALSPAN, A zeroth order analysls was carried
out by the program MINIPLOT which scannea;eabh spéctrum for
the alpha groups, assigned apprbximaterenergies.and inten-
sities, and then plotted the specﬁrum. The plots were inter-
nally scaled and could be linear or logarithmic,

For excitation function measurements, alvha group
intensities were obtained by numerically integrating over
the peaks once background had been removed, DBeam energiles
were chosen by degrading the incldent ions (10.5 MeV/nucleon)

using nickel folls. The range-cnergy data of Northcliffe47,

Roll and Steigert48, and Walton49 were used to determine

the resulting eneréies. These were subsequently corrected

for target thickness by the prodedure outlined in section 2.3.
Half-lives were measured between beam bursts which

were 2 msec in duration at a frequency of 10/sec. Two ex~-

perimental procedures were used, In the first instance, an
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alpha particle group was electronlcally gated to drive a
single channel analyser. The output was routed into a pulse
heighﬁ 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 figﬁre BA,

In the second method, a delayed gate generator
triggered on the maqhine pulse was used to enable a linear
gate. The linear gate would accept pulses from 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-1ived aléha groups in the spectrum could be ob-
talned. 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 depositéd on the collection drum., Hence the decay law is
N(t) = N (t)e™ AP 2,10

where N (t) = Jt D(t)dt, and D(t) is the rate of product de-
position on theocollection drum. This function has been de-
termined by Goughuj for the experimental configuration used
in this work. For the region 2-4.5 msec, where t=0 is the

start of the machine pulse, the function is

D(t) = 151082 - 1395¢. ' 2.11



- FIGURE 5

Schematic of electronic system used for half-

life measurements.
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CHAPTER III
FRANCIUM 214 RESULTS

3.1 Introduction

As mentioned 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

208

proton pairs and the Pb core. Of particular interest in

214Fr are the 10 levels arising from the coupling of a g9/2
50

neutron and an h9/2 proton. The strong coupling rule pre-
dicts the existence of low-lying (0-) and (9-) states for this
configuration and the occurrence of isomerism In 21#Fr is
possible, It is noted at this point that "isomerism" used in
the present context wlll mean that an excited state is suf-
.flciently hindered with resvect to gamnme transitions such

that alpha particle emission is the unique mode of decay.

This avoids placing an arbitrary lower limit on the life-tine
of an excited level to classify it as an isomer,

The alpha particle emitter 21”Fr was first observed
by Griffioen and Macfarlane”', having Eq= 8.55 eV and t, ,, =
3.9 msec, These results were substantiated by Rotter et g;fz,
but Valli g;_glfB have obltalned a significantly different

214

alpha decay energy (8.430 MeV) by producing Fr as an elec-

tron capture (EC) daughter of 2143a.

"An alpha particle spectrum resulting from the irrad-

2a0
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208 11

lation of Pb with 70 MeV B ions is shown in figure 6.

Several transitions are observed between 7.4 and 8.6 MeV

214

which are assigned to Fr and two distincet groupings of

the data are Hossible on the basis of excitation function

and half-1ife measurements, In addition tc Fr isotopes,

219

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

and thelr alpha decay At daughters, the spectrum contalns

activity due to 2133n and 211

213Fr 54

Po. The ?'?Rn 1s the EC daugh-

211

ter of , while most of the Po is likely formed by

direct reactiosn mechaniswms,

lietastable State Transitions

The resolution méintained in these experiments (30

keV, FUHI) was sufficient to resolve the previously reported

214

single peak fox Fr into two intense groups at 8,477 and

'8.546 eV, TLecay curves for these two groups have been

neasured along with the weaker sctivities at 8.046, 7.963,
7.708, and 7.594 MeV. A least squares fit to this data,
sunmarized in figure 7, has yielded a half-life of 3,35 &
0,05 msec for these transitions,

. Excitatlion functions, measured at several different

beam energies, for some of the products of the 208Pb + 11B

reaction are shown in figure 8. The excitation'function of the

213Fr group &t 6.772 lieV, correspondiag to the 2OBPb(uB,Sn)

213 .
BFT reaction, is observed to peak at a 118 energy of 80 MeV

(12b).  For the ZlQFr activities, however, the relative cross



FIGURE 6

Alpha particle spectrum of the products resulting.
from the bombardment of ZOBPB with 70 MeV 1j‘B ions,
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FIGURE 7

Decay curves for alpha transitlons from the
metastabls state of 21L"Fr. The half<life of
these groups, determined by a non-linear least

squares fit to the data, is 3.35 T 0.05 msec.
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FIGURE 8

Excitation functions for some of the products

208 11

of the Pb «+ B reaction.
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séctions maximize at 9 MeV iess excitétion. The work of
Macfarlane and Griffioen55 in this region has shown that
this is the expected excitation energy difference for the
(113,6n) reactlion relative to the (11B,5n) reaction., Assign-
ing these grouns to an alpha decaying state of 21#Fr is
therefore consistent with their results.

The 6 2lphs particle transitions discussed in this

2l%p.. The

section are assigned to a metastable state in
reasons for this assignment will be made clear in the

following section.

Ground State Transitions

At lower 11B bombarding energies, 2 alpha particle
groups at 8.426 and 8,358 MeV are ciearly observed on the
low-energy side of the 8.477 MeV peak. These activities are
shown in figure 9 for an incident 114 energy of 60 MeV. The
solid line rerpresents the Gaussian line shape calculated from
the experimental points using the computer program ALSPAN.

The excitation functions of the 8.426 and 8,358 HeV
groups shown in figure 8 are interesting in that they are

shifted 4 eV lower in 11

B bombarding energy relative to the
3.35 msec activities., This shift is somewhat smaller than
that exvected for the (118,4n) reaction leading to 215Fr form-
ation. However, a similar shift involving the low spin member

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

obsexrved, and is a result of the angular momentum dependence



FIGURE 9

Detail of the 214Fr groups between 8.3 and 8.6 MeV

produced at en incident 11

B energy of 60 WeV. The
sélid 1ine is the Gaussian distribution ealeulated

from the experimental data.
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6f neutron and gemme emission widths of compound nuclear
s’ca"ces56e It is apparent, therefore, that this activity

arises from a low spin state of 214Fr and that the 3.35 msec

activity corresponds to a high spin state of 214Fra

Further information is obtained from the study of

the 214Fr activity formed by the electron capture decay of

21433, These transitions should favor the low spin state

21k

since the ground state of the even-even Ra has J9T= (0+),

214

The half —1ife of Ba is 2.6 secSB. Figure 10A is an

_ il
alpha particle spectrum of the resction 209Bi(11B96n)2 Ra

which is delayed 50 msec from the beam burst to allow for

21L}Fr formed by (p,5n)} emiésion from the

220gq% compound nucleus. The existence of the zqur groups

the decay of any

at 8.426 and 8.358 MeV in this spectrum is additional

. evidence for the low spin assignment., Fron these results,

214

the EC branching of Ra is 0.06 £ 0.01%, This experiment

also explains the results of Valli et g;éB for the alpha

214

energy of Fr.

208Pb(11B,xn)219mX"

In trhe analysis of the Fr spectrum

it i1s observed that the peaks at 7.448, 7.834, and 7.897 MeV
all exhibit the same apparent excitation function dependence

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

211 46

correspond to known groups: Po at 7.448 lMeV =~ and the

212my ¢ o 5,837 and 7.899 Mev- ..

It is found that the low spin state of 214Fr is

populated in high yleld from the alpha decay of 218Aco

recently re-=determined



FIGURE 10

Alpha particle groups associated with the low .

214

spin isomer of Fr

A, 209p; 4 g
Groups a2t 8.358 and 8.426 MeV produced from the
EC decay of Ziaﬁa. The spectrum was delayed

50 msec¢ from the beam burst to allow for the decay

214

of Fr produced directly.

B, 209p; 4 12¢

Low spin lsomer groups produced with good intensity

from the alpha decay of 218Ac.
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This is due to the factbthat the ground state of the unknown
isotope 218Ac is undoubtably low=J. Using the reaction

20931(12093n)218

Ac, thereforé, it is possible to produce
abundant quantities of the ground state groups of 214FT'A
The spectrum of this reaction obtained for 72 MeV
120 ions is shown in figure 10B. In addition to the 2 main
ground state transitions, groups at 7.L06, 7.605, and 7.937

MeV are observed to have the same excitation function de-

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

The half-1ife of these activities is measured %o be 5.0 -

0.2 msec, It is evident that the 7.406 and 7.937 groups are

present with sufficient intensity in the 208Pb(11B,xn)219ngr

211

spectrum to affect the Po and 212mAt peaks, but remain

unresolved, Furthermore, the slight broadening of the 7.837

ZigmAt group observed in figure 10B is characteristic

218Ac spectra studied and 1s likely

MeV
of 211 the 209B1(12¢,3n)

due to a 21k

Fr group of about the same energy. However, it
was not possivle to resolve this activity in the present

work,

Levels of Francium 214

The alpha particle decay scheme derived from Q -

values is shown in figure 13. These results indicate. that

214

the decay of Fr involves the ground state and an isomeric

state at 123 keV excitation. The theoretical work of Kim

210

and Basmussena on the energy levels of Bi, an isotone



FIGURE 11

Excltation functions for the weak 21M’Fr ground

state transitions at 7.406, 7.603, and 7.957 MeV
produced in the bombardment of 207Bi with ~2¢C
compared to the main 214Fr group at 8,426 MeV.
The excitation function for the metastable state
transition at 8,546 MeV produced in this reaction

is also shown.



Section

Cross

Relative

2%, 8426

214gr 7937

70 75
'2¢ Energy (MeV) (lab)

39



FIGURE 12

Decay curves measured for the 8.426, 8.358, 7.937,

and 7,605 MeV groups associated with the ground

214

state decay of Fr. The half-1life is 5.0 *¥ 0.2 msec,
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FIGURE 13

Alpha particle decey scheme of the isomers of 21hpy,
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21L!'Fr9 is particularly relevant in this case. The 2 low-

of
est levels of 210pg have engular momentum and parity (1<)
and (0-=) at 0 and 47 keV respectively, Their relative
ordering is a consequence of the tensor componeht in the
shell model force, The next level at 268 keV is (9-=) and

is a long-lived isomeric state. As mentioned earlier, these
levels are part of a multiplet arising from the coupling of
a (g9/2)(h9/2) neutron-proton configuration,

8

The work of Jones on 212At has shown that the

essential nature of the neutron-proton force remains when a
proton pair is added to 210Bio Thus, the (1=) level is the
ground state in 212)¢ and the (9=) level ishlowered to 220
keV,

The present work indicates that the (1-) level is

retained as the ground state in 214Fr. Alpha transitions

ere observed to both the ground and first excited levels of

2105t, 1un the following section it is shoun that these

states are expected to be (5+) and (4+) respectively.

21L

Hence; to conserve parity, the ground state of Fr cannot

be (0<). It is probable, therefore,; that the ground state
angular momenbtum and parity is (1<) and the isomeric state

n 208 212,

(9-) in analogy wit Bi and

Levels of Astatine 210

The snergy levels of 210AtAare observed to cluster

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

ZOBBi.

isotone, The levels of this nuclide have been
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5 usiﬁg (d,t) re-

experimentally characterized by Erskine
action spectroscopy and theoretically by Kim and Hasmussenio
These investigations have some relevance to the levels of
210,44 '

The neutron-hole, proton-particle configuration of
the ground state of 20831 is predominantly (pi/g)“l(hg/z)
and results 1n 2 levels coupled to angular momenta (5+) and
(h+). The nexzt configuration, (f5/2)“1(h9/2), produces a
gquintet of levels having J = 3 - 7 centered around 600 keV
plus a2 J = 2 state at ~950 keV., A quartet of levels; pre-
dominantly (pa/é)“i(hg/z) coupled to J = 3 - 6, is centered
about 1.1 HeV, '

Figurs 14 is a comparison between the levels of
20881 ang the levels of 104t populated im this work., The
similarity of the levels is remarkable and indicative of
the correlations to be found nesar the 208Pb closed shell.

212

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

cussed 1n chapter IV.
Spins and parities of the levels of Zloﬁt have not

been measured, but some information might be deduced from

21

the corresponience between oAt and 208Bi. It is stressed

that these assignments are speculative and are not meant to
be construsd as experlimental results.
It is reasonable to assign the ground and first

210

excited states of At to spins and parities of (5+) and



'FIGURE 14

Fnergy level structures of the N = 125 isotones,

The theorztical and experimental work on 208Bi

is compared to the present results for 210

212

At and
Fr,
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(4+) resvectively in direct analogy with 2OBBi. Both alpha

214

decayling levels of Fr populate these states and L = 3 or

5 transitions wlll be predominant in both cases.

For the following configuration, both‘21hFr states

populate the lowest level which is (6+) in 2083

208

i. The next

level in Bi 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

212At group may correspond to a

2145, to the 594 level in

observed for the 7.84 eV
transition from the (1-) state of
210,

A distinct pattern emerges for the next set of levels

arising from the (p3/2)'1(h ) configuration. Both isomers

9/2
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 210

At level at 971 keV,
while the (1-) isomer exclusively populates the 1039 KeV level.
It is possible, however, that the (1-) isomer does populate
the 971 keV level, since-the transition would fall below the
211ps group at 7.45 MeV. This would help to explain the
excitation funciion behavior of the 7.45 eV peak in the
208Pb + 113 reactlon., There is no similar evidence, however,
for a (9-~) isomer transition to the 1039 keV level.

The above spin ané parity considerations for the

210

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

Alpha Groups of Francium 214

515 570 - p
Fr Energy AT Level & L Penetra- §
I (HeV) 79 (keV) bility (keV)
(1-) 8.426 % (5+) 0 93.0 5 1.03x10"1> 5,15
0.005
(1-)  8.358 &  (4+) 71 4.7 3  2.98x10~16 0.091
0.005
(1-) 7.937 +  (6+) 510 1.0 5 A4.13x107%8  1.39
0.008 |
(1-) 7.605+  (5+) 85: 1.0 5 3.87x10719  14.8
0.008
(1-)  7.406 % - 1039 0.3 8.63x10~20 )
0.008 > o= 19.9

(9-) 8.546 * (5+) 0 L6,0 5 2.17::10“16 1.82

0.00%

(9-)  8.477 £ (44) 71 50.9 5 1.42x1071%  3.08
0.005

(9-) 8.046 %  (6+) 510 0.9 3 3.92x10"17 o0.197
0.008 :

(9-) 7.963+  (4+) 59k 0.7 5 L.ohxio~l® 1.21
0.008

(9-) 7.708 +  (5+) 854 1.1 5 8.20x10"1% 11.3
0.008 :

(9-)  7.504 % - 971 0.5 5 3.56x107%% 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

214Ff

section 1.2~1, A summary of the results obtained for
is contained in table I, using the lowest allowed alpha par-
ticle L-wave in each instance. TFor those levels for which
possible spin and parity assignments could not be made, an
I, = 5 alpha particle is assumed.

214

The reduced widths for the alpha decay of Pr are

a factor of 10 - 1000 smaller than those for neighboring
even-even nucleilh. This is to be expected since alpha
particle formatilon in nuclei having an odd nﬁmber of
neutrons or prctons often invblves the splitting of nucleon
pairs. The extra energy requlred for this process decreases
the probability of alpha particle clustering, and it has

long been recogaized that alpha decay involving unpaired

nucleons is hindered58.



CHAPTER IV
ACTINIUM 216 RESULTS

Introduction

The study of 216Ac and 212

214

Fr is interesting since
these nuclel ciffer fron Fr and 210At respectively by an
additional proton pair in the h9/2 shell, It is expected,
therefore, that some anslogies will exist with the results
obtained in chapter III if the extra protons do not signifi-
cantly alter the neutron-proton force,

Rotter et g;.52 first reported the existence of the

alpha particle emitter 216Ac with Eq = 9.14 HeV and ¢

1/2
0.39 msec., These results have'been extended by Valll and
Hyde57 who have observed 4 alpha groups belonging to 216Ac,
produced by tombardment of 209B1 with 120. This reaction
has also beer. studied in the present work but with improved
resolution and counting statistics. |

A typical spectrum obtained in this investigation is

shown in figure 15. In order to discriminate against the
214 '

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

the beam burst and continued for only 3 msec thereafter,

214Fr peaks 1ln the 20931 + 120 alphia par-

The origin of the
ticle spectrum has been explained in section 3.3. Activity
arising from 215Ra is also observed and is due to charged

b3

particle emission from the compound nucleus ~.

1.



FIGURE 15

Alpha particle spectrum of 216Ac groups produced

by irradistion of 209Bi with 84.5 MeV 12¢ ions.
Data accumulation 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 21@Fr, the alpha groups of 216Ac

are observed to originate from 2 different states,

Metastable State Transitions

Excitation functions measured for the 21§Ac alpha

transitions scre shown in figure 16. The excitation functions

of the two mzin groups at 9.028 and 9,106 eV are well

12

characterizec. and are observed to attain a maximum at a ~7°C

215

energy 12 lieV less than the maxinum for Ac at 7.602 MeV59.

Two very weal: groups at 8,198 and 8,283 lieV are also observed

but comorise less than 5% of the total alpha decay of 216Ac

The relative cross sections for these groups could not be
measured at 2ll bean energies due to the domination of the
Zler peaks, However, the excitation functions apvear to
follow those of the 9.028 and 9.106 MeV peaks.

Decay curves for the 2 main groups are plotted in
figure 17. The helf-1ife of 216ac is 0.33 * 0.02 msec.
This value has been corrected for the collection time effect

since the 21§Ac decay curves are within the 8 msec limit

described in section 2.4,

Ground State Transitions

The resolution attained in this work (25 keV,FWHI)

was sufficlient for the observation of a group at 9.070 t

0.008 MeV which is assigned to the ground state of 216A

The excitation fuanction of this group was measured after

" meticulously subtracting off the line shape of the 2 main



FIGURE 16

216

Excitation functions of Ac and 215&@ produced

in bombardments of 209B1 Wwith 1ZC,
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FIGURE 17

Decay curves for the 9.106, 9.028;, and 9.070

6

groups of 21 Ac., The hslf-life 1s 0.33 f 0.02 msec,
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216Ac peaks, snd the results are shown in figure 16, It is

clear that the relative eross section for the production of
this group 1s displaced to 3 MeV lower excitatlion relative
to the metastable state transitions,

The half-life of the 9.070 MeV group is experiment-
2lly the same as that measured for the metastable state
transitlons. This might be expected, however, since the
transition is only 36 keV removed from thq 9,106 MeV 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 tall of the 9.028 MeV peak, but could not be
sufficlently resolved for a meaningful excitation function
measurement, Detalls of the 216Ac transitions between 8.9

and 9.2 MeV erxe shown in filgure 18 for 3 different 12

C in-
cident beam energles. On the basis of the alpha-@ecay
systematics of the mebtastable state decay, a groupAat this
energy corresponding to a transitlon from the ground state
is expected., Since no other known alpha transitions at
this energy can result from the products formed in this
reaction, the 8.99 MeV group is tentatively assigned to the

ground state of 216Ac..

Tevels of Actinium 216

216,

Alvha transitions observed in this work for
are compared to the results of Valll and Hyde57 in table II.

Their asslignments, which were teﬁta‘tive9 are not consistent



FIGURE 18

Detalil of the 216Ac groups between 8.9 and 9.2 MeV
at 3 incident 120 energies. The so0lild line repre-
sents the Gausslan line shape calculated from the
experimental points.

A. Ep = 88 HeV

B. E, = 78 MNeV

C. E, = 72.5 HeV
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TABLE II
Alpha Groups of Actinium 216

This Work Valli and Hyde

Fnergy Assign- Energy Assign-~

(MeV) % ment (MeV) ment
9.106 T 0.005 46,2 M 9.105 M
9.028 T 0.005  49.6 M 9.020 G
8.283 T 0.008 2.5 i 8.283 M
8.198 T 0.008 1.7 M 8.198 G
9.070 F 0,008 -90 G - -
(8.99 ¥ 0.02) -10 G - -

#* metastable transitions

|

G = ground state transitions
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with the present results. The essentlal reasons for the
discrepancies are as follows. The Valli and Hyde interpre-
tation is based on energy differences only without addition-
al experimental evidence. However, the energy obtained in
the present work for the 9.028 MeV grbup is Inconsistent
with this conclusion. Furthermore, the definitive result
in the present work is the observation of the 9.070 MeV
group and the measurement of 1ts excitatlon function shift.
The absence of thils effect might cast serious doubt as to
the occurrence of isomerism in 216&0.

It 1= therefore concluded that the alpha decay of

21656 35 quelitatively similar to that of 214pr ana 212at,

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

end parity (i-) is assigned to the ground state of 216A

Cy
and (9-) to a metastable state at 37 keV excitation. A de-
cay scheme consistent with the exverimental information is

presented in figure 19.

Levels of Francium 212

The decay of 216Ac populates 4 levels in 212Fr.

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

Fr exhiblt the same characteristics observed in 208

210At.

Bl

and A comparlison of the levels of the 125 isotones

is made in figure 1, The first 2 states of 21z

Fr 1likely
arise from the (p1/2)-1(h9/2) configuration coupled to

angular momenta (5+) and (4+).



FIGURE 19

6

Alpha particle decay scheme of the isomers of 21 Ac,
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The states arising from the (fS/z)ai(hg/Q) config=

212Fro

uration are notably absent in the level scheme of
Transitions to these levels would correspond to alpha par-
ticle energies of approximately 8.5 MeV. The presence of
the relatively intense zqur groups in this region, however,
would effectively prevent the detection of theée transitions.
The next configuration, predominantly (p3/2)”1(h9/2)9
would yield levels from roughly 800 to 1200 keV, It is felt
that the levels at 839 and 925 keV constitute members of this
multiplet. This interpretation is ponsistent with the alpha
decay of 2Py 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 2104t, To the degree that

210At'and 21z

that the metastable state of 216Ac would populate the same

similerities exist between Fr, 1T 1s expected
members of this multiplet.

' These considerations are summarized in table III.
The predicted angular momentum assignments for the levels
of 212Fr are used to calculate WKB penetrabilities and ex-
‘perimental reduced widths. For these caleulations,‘the
‘lowest L-wave alpha particle transition is uséd in each
case. An examination of table III reveals that the reduced
widths exhibit fluctuations similaer to those observed for

2185, This point will be further considered in chapter VII.
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TABLE III
Reduced Widths and Penetrabilities of Actinium 2ié

216, 513 5

C  Energy Fr 1, Level ©Penetrability S
I (MeV)  JTT (keV) (keV)
(9=) 9.106 (5+) 5 0 1.97 x 10715 2.3
(9-) 9.028 (4+) 5 80  8.77 x 10716 .27
(9-) 8.283 (5+) 5 839 8.86 x 10'18 -21.3
(9-) 8.198 — 5 925 5,03x 10" 251
(1-)  9.070 (%) 5 0 1.03 x 10715 6.u2

(1-)  (8.99) (&) 3 80  2.80 x 10°15  0.263
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CHAPTER V
RADIUM 215 RESULTS

Introduction

The even-odd 127 isotone 215Ra»was first reported

51

by Griffioen and Macfarlane to have an alpha-energy of

8.7 MeV and a half-life of 1,6 msec.

The ground state of 21S‘Eia involves a single 2g9/2

neutron in the presence of 3 proton pairs and the inert
208

Pb core, Icomerism is not expected in this case since
the low energy states are thought to be perturbed shell
model levels, which in this region do not involve spin
changes great enough to hinder gamma emlssion. The even-

odd 127 isotone 211

Po, however, emits alpha particles fronm
1ts ground state (9/2+) and from a metastable level (25/2+)
at about 1.5 MeV ezcitationéo. Since thére is reaéon to be-
lieve that some regularity exists in the energy levels of

215

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

excitation 1s possible. However, the decay energy involved

‘in this instance would be approximately 10 lMeV. A state

emitting an alpha particle of this energy is expected to
have a half-life of oﬁly a few mlcroseconds, which is well
beyond the capability of the helium jet recoil method at
this time,

60
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215 211

The alpha decay daughter of Ra is Bn, In

terms of thevshell model, the ground state of this nuclide

consists of a 3p1/2 neutron hole plus 2 proton pairs. The

211

low-1ying enerzy levels of Bn, therefore, are expected

to exhibit the propefties of a2 single neutron hole state in

2OSPb perturbed by proton pairs.

Subsequent studies of 215Ra have reproduced the re-

sults of Griffioen and Macfarlane, but have not revealed the

52,59

more detailed nature of its decay New data has recent-

1y been reported by Valli and Hyde579 however, that parallels
the results presented here,
An alpha particle spectrum {for 7-9 MeV alpha groups)

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

11

target of 20931 with 68 MeV B ions is shown in figure 20,

The compound nucleus for this reaction is 220pg#, In addi-

: 2
tion to radium groups; alpha activity from 211?0, ?1”At,

214Fr, and 213Rn is observed in the spectrunm,

Loun
208Pb(1lB,xn) 219-x

As in the case of the Fr reaction,

'most of the Po and At groups originated from multi-nucleon
transfer processes or by charged particle emission from the

" compound nucleus. Much of the ground state 214Fr

s nowever,
resulted from the electron capture decay of 21@33’ which
has been discussed inhchapter I1I.

The 41 gn group at 8.090 MeV54 is produced as the
alpha decay daughter of 217Ra Which decayed before reaching

10,11

the detector. This nuclide has been detected s however,



FIGURE 20

Alpha particle spectrum of the products resuliing

209

from the bombardment of < 7Bi with 68 MeV 1B ioms.
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in bombardments of 208Pb targets with 16O. These results

are discussed in section 6.1.

Radium 215 Alpha Transitions

Three 215ﬁa alpha groups are oObserved at energiles
of 8.701, 8,175, and 7.885 MeV. Excltation functions of

21k

the 215Ba activities and of Ra have.Been measured and

are summarized in figure 21, The 215Ra groups peaked at an

214339 which was con-

excitation energy 114MeV lower then
sistent with their assignment.

The measured decay curves for 215Ra are shown in
figure 22. From these determinations, the half-1ife of
215p, 1s 1.56 T 0,10 msec., The group at 7.885 MeV appeared
to have a halfmlife.closer to 1.3 T 0.2 msec, but this re-

215Ra

sult was in experimental agreement with the other
activities.

Valll and Hyde57 have also observed 3 alpha esctivi-
ties belonging to 215Ra. .Their results are compared to the

energies measured in the present work in table IV, Slight

‘discrepancies exist, possibly due to the 1arger’counting'

»statistics atbained in the present work.

Levels of Radon 211

The 2l1lpn states populated in this work are showm

207

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

208

which correspond to neubtron hole states in the Pb core,

From these results it is apparent that the lowest states of



FIGURE 21

Excitation functions for 2153& and 2143& produced

from the reaction 209Bi + 11B.
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FIGUBE 22

Decay cuIvaes for 215Ra activities. Half-1ife =
1.56 7 0.03 msec.
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FIGURE 23

Alpha decay scheme of 2153&, The low-1ying levels

of 211Rn are compared to those of 207Pb°



TABLE IV
Alpha Groups of Radium 215

This Work Valli
2 and Hyde
Eq I%t Level in  Probable 6 .
MeV 2 a
Rn JTT
(keV) (keV) (11eV)
8.701 t 96,0 0 (1/2-) 6.9 8.698 +
0.005 0.005
8.175 * 1.4 536 (5/2-) 0.63 8,168 *
0.008 0.008
7.885 % 2.6 832 (3/2-) 8.6 7.880 *
0.008 0.008
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2113n retain much of their single particle character. The

9/2

energy spacings to lower values, and could be a consequence

effect of the U4 protons in the h shell is to perturb the

of core polarization,

211Rn accounts

The transition to the ground state of
for 96% of the_total decay 6f 215Ra0 The large branching ratio
is an example of the importance of the energy factor on alpha
decay rates since the single particle spacings are relatively
| large in this region. The branching to the 0,83 MeV level,
however, is 2.5% compared with the 1.4% branching to the 0.54
MeV state. The reason for this apvarent reversal nust be
due to the size of thevrelative matrix elements for alpha de-
cay, since L = 3 transitions are involved in both cases. |

Expérimental alpha reduced wildths, 529 have been cal-
culated for the observed transitions using angular momentum
. values for the levels of 211Rn in analogy with those of 207Pb.
For these calculations, it was assumed that the ground state

of 215

Ra was (9/2+) as predicted by the shell model. The re-
sults are presented in table IV,
. The reduced wldth represents the nuclear effect on
alpha decay and depends on the size of the matfix element
between the two states. It is eclear from these calculations,
therefore, that the branching to the 0.5L HeV level is hind-
ered with respect to the othef two transitiouns,

Since the levels of 211Rn appear to be predominantly
single particle states, one expects the shell model theory of .

alpha decay to be applicable to the observed transitionsg

These results will be discussed in section 7.2,



6.1

CHAPTER VI

NEW ISOTOPE RESULTS

Introduction

It is estimated that less than 50% of the isotopes
existing between the limits of nucleon stability have been
synthesized and studied. Investigations of unknown nuclides,
therefore, are both inherently interesting and necessary to
further the understanding of nuclear structure.

There are few experimental techniques capable of
directly detecting new isotopes having half-=1lives in the
millisecond region; there are virtually no methods for the
satisfactory cetection of mlcrosecond activity. The latter
problem can be circumvented, however, by the careful study
of alpha decay chains in which a relatively long-lived
parenf nuclide 1is used to.populate the levels of a relatively
short-lived daughter. The parent-daughter relatidnship can

then be established on the basis of excitation function and

- decay curve data,

An alpha particle spectrum for the products result-

£ 203

ing from the irradiation o Pb targets with 16O ions 1is

shovn in figure 24, PFour new isotopes are identified from

8
222, 221, 219, ana 217ga,

the study of this reaction:
Unpublished results of Macfarlane and Griffioen67 suggest

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

69



FIGURE 24

Alpha particle spectrum of Ehe products resulting

208 16

from the irrasdiation of Pb with 84,5 MeV ~~0 ions,
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6.2 Thorium 221 arnd Radium 217

The most prominant groups in the spectrum shown in

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

20851, (165 50y 221 gy, 217 213

z21

Bn ———>209P0

Identification of the new isotopes Th and 217Ra is based on
predicted energies from alpha decay sysfemat10337, decay

curve data, and 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 have the same yleld-energy dependence as the

213Rn (Eq = 8.090 MeV, t1/2 = 19 msecﬁu

221

known alpha group of
and can therefore be assigned to the Th decay chain.

Decay curves for these groups have been measured by
the procedures outlined in section 2.4 and are shown in
figure 26. All 4 groups exhibit the same apparent half-life
which must be that of the parent 22lTh, 1.7 * 0.2 msec,
However, 217Ra, predicted from alpha decay trends to have
Eq~9 MeV and t1/2<:10 usec, 1s expected to belin the spec-
frum. This is the 8,990 t 0,008 MeV group whose decay curve
relative to the machine pulse (described in section 2.%)
follows that of the much longer-lived parent 221Th.

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

8.146, and 7.733 lieV could correspond to an alpha transition



FIGURE 25

Excltation functions measured for 222‘1’}19 221

218
208

Thy

RBa and 2173& groups produced 1in the reaction

16

Pb + 0.
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FIGURE 26

Decay curves of 222Th and 221Th. The short-lived

217Ra at 8.990 MeV Decays away with the same half-

life of the parent 221y

222Th t1/2 =4,0%F 0.6 nsec

221

+

Th ¢ = 1,7 _ 0.2 msec

i/2
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of 217Ra to an excited state of ZIBan However, these groups
are assigned to 221Th for the following reasons. The pre=

221

dicted ground state alvha decay energy of Th is ~8.5 MeV

which agrees well with the group at 8.472 MeV, The intensity

of the 221

Th parent groups must be at least equal to the in-
tensity of the daughter 217Ra9 Hence, the 8.146 MeV group
belongs to 2210y, and not 217 Ra. Finally, the 7.733 HMeV
group would relate to an alpha transition to a 1.3 HeV excit-
‘ed state in 213Rn if it were assigned to 217Ra, This state
would not be expected to be populated with measurable in-
tensity for the counting statistics obtained in this work,
since alpha decay rates are exponentlially dependent on
energy. 1t is highly probablé, thereforey; that the 7.733

| MeV group belongs to 221Th. |

To consolidate these results, the true half-1ife of

217Ba was measured relative to the parent 221Th using a

time-to-amplitude converter (TAC). The 2 prominant 221Th
peaks (8.146 and 8,472 MeV) and the 217Ra peak were elec-
tronicélly gated to produce a start and stop pulse respec-
'tively on the TAC., The TAC produced a bipolar signal, pro=-
’portional to the time difference between the start and stop,
which was routed into a pulse height analyser. The analyser
was calibrated using é pulse generator whose output was di-
vided into a prompt signal, used as the start pulsern 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
nelr-1ife of 217Ra is determined to be & % 1 usec.

.The decay schemés of 221Th and 217Ra are 1llustrated
in figure 28. A diséussion of the reduced widths for the

elpha decay of these nuclel is to be found in section 6.4,

Thorium 222 and Radium 218

Alpha particle transitions at 7.984 and 8.392 MeV
are assigned to 222Th and zigRa respectively. The exclita-
tion functions for these groups, plotted in figure 25,
appear to maximize at the same incident_160 beam energy as
the 221Th groups, but decrease much less rapldly at lower
energies. This is a result of the retarding Coulomb barrier

208py, , 160 22%q iy cenction at 80 MeV. It is

222

for the
evident that the optimum excitation energy for Th forma-
tion lies below the classical barrier. This explains the

low intensity of ‘bhe_z22

Th group 1nvthe spectrum,
The half-1ife of 222Th, determined from the decay
curve in figure 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 could not be measured.

Table V summarizes the results obtained for the new
isotopes discussed in this chapter. For comparative pur-

poses, the pr=dicted or calculated alpha decay Q-values of

Viola and Seaborgfﬁ’are tabulated along with those obtained
experimentally. It is noted that the predicted values for

2183a and 217Ra are in excellent agreement with experiment



FIGURE 27

True decay curve of 217Ra. The method of deftermin-

ing this curve is described in the text.
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FIGURE 23

Alpha decsay scheme of 221my, ona 217Ea.
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TABLE V

Néw Isotope Results

. 2 .
Iso- E t : Q Q¥# § ¥* 3 Int
tope (Mg%) i/2 (MeV) (MeV) {keV) D
(msec) exvo Vs L =0 (keV)
2220  p.o8L t  L,0t 8.130 8.230 106 0 100
0.008 0.6
22lm,  gLu92 1.7+ 8.628  8.710  3.10 0 31.6
0.005 0.2 |
8.146 8.296 53,2 332 62.4
0.00% |
7.733 % 7.876 | 95.2 752 6.0
0.008
218p, 8,392 + - 8.549  8.560 - 0 100
0.008 | |
217pe  8.990 + 0.004 + 9.159 9.176 4i.5 0 100
| 0.0058  0.001 |

% Predicted or calculated value of Viola aﬁd Seabdrg

%% Daughter level populated
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.and are somewhat better than those predicted for

79

22201 ana

221Th. This 1s not surprising as the latter results were
obtained by extrapolation of experimental data, while the
former resvlis were obtalned by interpolatlon. The corres-
pondence of the experimental and predicted Q-values indicates

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

of new isotopes from alpha decay studies,

Reduced Widths

Reduczd widths calculated for L = 0 alpha particles

are listed in table V. The transition from the even-even

222 218

Th to the sven-even Ra represents the most favored case

of alpha decay. Alpha particle formetlon takes place from
palred nucleons and only S-wave transitions are involved

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

222

the reduced width for Th is 106 keV which is a factor of

30 greater than the reduced width for the ground state decay

of the even-cdd 221Th.

The reduced widths of 221Th are interesting in that

transitions to excited states in 217Ra are favored over the

~ground state transition and the reduced widthé approach the

values obtzined for neighboring even-even nuclei. To under-
stand this ei’fect, however, much more information must be
obtained with respect to the nature of the states involved
In these transitions.

The reglion of discussion, however, is close to the
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point where the spherical shell model has validity. The re-

213

duced width for the 217Ba to Bn ground state alpha trans-

ition ;s b1.5 keV which suggests that paired nucleons are
involved in alpha particle formation., It is reasocnable to
assume that paired protons take part in alpha particle clus-

217

tering in the even-o0dd Ra nucleus., If 3 neutrons fall

into the 2g9/2 shell model state, then the ground state decay
can also involve a neutron palr, This would explain the

large reduced width value for 217Ra.
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CHAPTER VII
DISCUSSION OF RESULTS

Isomerism in the 0dd-0dd 127 Isotones

metastable states of A%, Fr, and

The systematic occurrence of isomerism in the odd-
odd- N = 127 isotones is now established end arises from
the coupling of a Zy/2 neutr?n and an h9/2 proton, It 15
experimentally observed that the addition of proton pairs
to the h9/2 shell does not affect‘tﬁe qualitative ngture of
this coupling, Hence, these nuclei are characterized by a
(1-) ground state and a (9-) metastable state.
An examination of the energy levels of 210Po reveals
that the energy required To uncouple a proton palir from
9/2)§_ to (h, /2)5_ is 1,18 Mevéo. Assuming- that the
pairing energy does not radically change in the presence of
additional pairs, then levels beidw 1,18 lieV excitation are
expected to retain the J=0 proton-proton coupling.
This 1s clearly the situation for the ground and
212 214 216&0, whose (1 ) to

(9=) energy level spacings are 220, 123, and 37 keV respec-

'tively. Since the exqitation energy does not execeed the

proton palring energy, the core can be increased in size to
include the inert protons. In addition to the increase in

size, one would expect a 1arger degree of core polarization

81
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as extra nucleon vairs are added. This might qualitatively
explain the decreasing energy separation of the (1-) and (9-)

states Dbetween 21031 and 216A

¢. By taking these effects

into acdount, one nmight anticipate that a short-range tensor
1

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

lized to theoretically determine the levels of these isotones

Reduced Widths of Francium 214 and Actinium 216

A comparison of the reduced widths of 214Fr (table I)

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

216A

and

duced widths of ¢ are all slightly enhanced with respect

214

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

for transitions to daughter levels show the same trends. The

-latter observation can be illustrated by normalizing the re-

duced widths to the ground state to ground state transitions:

Configuration Transition 21&Fr 216Ac

(p1/2,39/2) (1=) - (5+) 1 41
(1-=) - (&) 0,02 0.02
(9-) - (5+) 0.35 0.40
(9-) - (&4+) 0.60  0.66
(9-) ~ (4+) 2.3 4,0

The first point is easily explained, since the extra
proton pair in 216Ac is expected to enhance alvha particle
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formation., The second point indicates that it is the neutron
single particle states that have the greatest influence on

the decay rate., Again, this is not surprising since alpha

' particle formation will involve paired protons in the hg /2

shell; leaving the odd proton undisturbed.
A quantitative discussion of the reduced width fluc-

21*‘»’4—Fr or 216A

tuations of ¢ would require detailed knowledge
of the neutron and proton wave functions involved., Calcula-
tion of theoreftical reduced widths for an odd-odd nucleus is
beyond the scope and purpose of the present work, However,
in tﬁe next two sections, theoretical reduced widths calcu-

lated from the Mang shell model theory will be presented for

.much simpler cesses of alpha decay, the even-odd 127 isotones,

Reduced Widths of the Even-044d 127 Isotones

It is of interest to determine how well the shell

model theory of alpha decay can simulate experimental trends,

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

particularly sinple 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 diréctly applied.

In order to evaluate equation 1.14, a form for the
radial wave functions must be chosen. For the present case,
pure shell model configurations are assumed and are described

by harmonic oscillator wave functions. The radisl dependence
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of the reduced width is then approximated byzn

R(nllln 12n3 3n4;4;30)

1.4+1,4+174+1
{72t L
~Exp(-2 B2) (0128, ) ’
(ﬁi+11+1/2)I(n2+12+1/2f1(n +1/2)!(n +1 +1/2)!
1.+1/2 1.,+1/2 1.+1/2 1,+1/2
1 2 2 2 3 2 L 2
Ln1 «iﬁo)an (G;BO)Ln3 @RS )Ln «ZBO)
7.1
where L = O.1?5x1026cm—2 and L}lﬂ'/z is the generaslized
Laguerre Polynomizl
n
/ .
/2 Z nHl+1/2) (g k @n?)* 7.2
n-x ki N
k=0

The connection radius Ro is chosen at 9 fm,
It is found that the theoretical wvalues calculated from

the Mang theory differ from the exverimental values by a factor
of 104 for a2 connection radius of 9 fm. This 1is consistent

with the work of Zeh61 who calculated reduced widths for
211?0 using several different radil, HMoreover, the experi-
mental and theoreticai reduced widths are not defined in
exactly the same manner and the values are expected to differ

by a fTactor of -6, This point is discussed in reference 13.
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To facillitate comparison, therefore, 211Po is taken
es 2 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 introdﬁced by the choice of the radiallwavé
functions and the parameters @, and R..

To clearly present the theoretical and eiperimental
trends, the ratio of the reduced widths to 2iiPo are plotted
in figure 29. It is observed that the Nang theory reproduces
the sharp rise in reduced width on going from 211P0 to 213Rn
- and ailows for the smaller difference between 2138n and 215Ra,

Howéver9 the experimental and theoretical trends at
217Th become divergent. The éxperimental,data for 217Th is
- not complete since only an upper limit is known for the half-
life. By extrapolating the half-lives of the other 127 iso-
tones, the halfmlife of 21?Th is predicted to be ~100 psec.
Using this value would increase the reduced width 5y a factor
of 3.

It is clear, therefore, that the theory breaks down
Cat 217Th. It is probable that the nuclear wave function can
no longer be described in terms of pure configufation shell
modél orbitals. Nevertheless, the results of these calcula-
tions show that some of the simple concepts of the shell

208

model have validity well beyond the Pb core.



TABLE VI
Reduced Widths of the Even-0dd 127 Isotones

t

Nuclide E 1/2 Ref 62 exp Y? theoret
(MeV) (nsec) (keV) (L=5) (keV) (1=5)
2lip, 7.L48 520 60 3.29 3.29
213gn 8.090 19 54 5.67 5.15
215g, 8.701  1.56 - 7.00 5.90
217y, 9.250  <0.3 57 >7.07 5.15
TABLE VII

Radium 215 Reduced Widths and Intensities

211 2 Ine2
BRn L P/P Y<¢/ Int Int
Level 82 Yas (theoret) (exp)
x10™ v
3p1/2 5 100 1 100 100
~2f5/2 3 15.9 | 0.03 1.3
5 3.56 0.30 1.1
7 0.43 1.26 0.5
2.9 1.5
’3P3/2 3 2,20 1,19 2.6
5 0.49 0.66 0.3
2-9 2.7
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7.4 Delta-Function Model Apvlied to Radium 215

The experimental results obtained for 2153a suggest
that rélativély pure shell model states are involved in the
alpha decay process, Therefore; Rasmussen’s equation 1.15
for decay involving ﬁnpaired nucleons is thought to be app-
licable, |
It is the purpose of the §-function model té repro-
duce relative decay rates only. Therefore; only the ratio
of reduced widths to the ground state decay will be considered.
Alpha particle formation involves one of the 2 sets
of paired protons from the h9/2 shell. Since only ratios
are being calculated, the proton Tactors caencel cut. The
ratio then devends on one of the final state neﬁtron orbitals

}. The appropriate

of angular monéntum 5 (p1/29f5/2’ or p3/2

expression is

Z.lem = |2j+1 vgg 9/2 1/2-1/2110) __ i _ B(1,1,L)
2 2 1/2 9/2 1/2-1/2{50 Rp B(115]
y5p1 1/2

2.

/2
7.3
where the coefficients B are defined in equation 1,16.

For the radisal neuﬁron wave functions ng harmonic
oscillator functions might be used., However; a more realistic
approach is to use the wave functions of Blomqvist and
Walhborn62 celculated for a diffuse Woods-Saxon type poten-

208

tial at Ph.



7e5

’of

89

The solutions to equation 7.3 for 215Ra9 using -
Blomgvist and Walhborn wave functions, are shown in table
VII. Relative reduced widths are calculated for all allowed
L-waves.

Relative ﬁenétrability factors, calculated from
equation 1.7, are also tabulated end are multiplied by the
relatlve reduced wldths to yleld theoretical intensilties.
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 and experiment is very reasonable., .

It is gratifying that the shell model theory can be
used to simulate the alpha intensity pattern of>215ﬁao The
experimental and theoretical results both imply that rela-
tively pure chell model configurations adequately describe
215

the ground state of
211Rn

Ra and some of the low=1ying levels
. It would be of great interest, therefore, to

extend these 6alculations to some of the other 127 isotones

once additional experimental data becomes avallable,

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 following expression

Q= (mp-md-mHe)C2 . 7.0
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where mp, and my are atomic masses of the parent and
daughter nuclsi respectively, |

It 1s noted that the quantity relating to nﬁclear
mass is Q, which 1s equal to the Q-value plus the eiectron
screening correction. Thus, Qe represents the energy re-
leased if the alpha decay process were to take place from
a bare nucleus. |

It is customary to eXpress:the atomic massras the
"mass decrement® which is equal to the totai mass less the

mass number.

Am(Z,A) = ZmA - A 7.5

The mass decrement 1is usually tabulated in terms of its
energy equivelent,

| Atomic mass decrements calculated for most of the
nuclel studied in this work are presented in table VIII.

Included in the téble are alpha groups corrvesponding to the

? . .
221Ac-—4>21‘Fr-——4>213At alpha decay chain for which in-

proved slvha decay energles have been obtained., For con-

214 222Th

pleteness, the new isotope BRn, belonging to the
decay chain, is also listed in table VIII. Results for this
nuclide are preliminary and additional data is presehtly
being acquired, |

The nasses determined in this work ultimately de- -

pend on a standard maess to which the alpha decay chain is
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TABLE VIII
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Iso- Eq (MeV) Mass Decrement (keV)
tope This Previous Ref., This 1964 NMass Swiateckl
Work Besults Work Table -lMeyers
213,y 9,089 +  9.06 &b 6574 % 6460t -7760
0.015 17 200 |
2136, 8.090 +  8.090 5%  -5700 *  -5652 %  _6oh1
| 0.008 , 1L 23
22 9.040 + - 4313+ 4310+ =5579
0.02C 21 1000
2. g6+ 8430 53 -1065%  -930 & -2596
217pr  8.320 ¢+  8.31 64 4327 + 5430 % 2618
0.00€ 19 280 .
215pa 8,701+  8.698 57 2504 + 2529 + 668
0.00% 12 23
2178 8.990 %  (9.0) &7 5884 + 5949 + 4077
0.008 16 38
?18Ba 8.392 * - 6661 + 6680 5198
0.008 22 1410
221, p.6b0O t  7.64 &b 14533 * 14600 * 13284
0.008 B 21 300
221my,  g.472 + - 16937 * - 15369
0.00% 17
2227, p.984 + - 17315 * - 16135
0.008 23" .




92

related, These are as follows

2220y 218y _2lp L 21p0 ioosh 4 g
220qy, S 217g,  2213p, 209, (16370 + 12)
22y o> 21Tp 2135 S209p; (L8262 * 7)
215pe — Mgy (8787 *+ 11)

214 210

Fr—>"""At (-12075 * 26)
where the last isotope in each case 1is chosen as the stand-
ard and the quantity in parentheses is the published mass

63 221

decrement in keV -, For the Th decay chain, it was

213Rn

necessary to correct the publlished mass decrement of
as indicated in table VIII.

An examination of table VIII reveals that the mass
decrements measured in this work are somewhat improved rel-
ative to those listed in the 1964 mass table of Mattauch
et §1.63 The 1964 mass table also includes some masses for
.unknowm nuclei calculated from the predicted alpha decay
Q=values of Viola and Sea‘oorg37n

Mass decrements calculated from the Swiatecki-leyers
mass formula35 were taken from-reference 36, It is observed
that the calculated masses are systematically'smaller than
the experimental values. Hass formulae are not expected to
reproduce accurate masses in the neutron-deficient reglon
since formulae parameters are obtained from a fit to all
known experimental data. Since relatively few experimental

masses have been measured in neutron deficient regions, mass



FIGURE 30

Alpha-beta mass;enefgy cycles for some of the ﬁua
clides studled in this work. The numbers assocliatb-
ed with the diagonal lines are the neutron binding
energies oalculated'from experimental mass differ-

ences, and link the 4n+2 with the 4n+l series. All

units are in keV,
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formulae heavily favor the region of beta-stabllity.

Alvha-Beta Energy Systematics

Alpha decay Q-=-values are useful for extending alphs-
beta closed cycles. Figure 30 is a presentation of some of
the Q-values measured in this work lncorporated into the
4n+l and 4n+2 mass-energy lattices.,

The horizontal lines in figure 30 represent the alpha
transitions, while the numbers assocliated with the vertical
lines are the electon cavture decay enérgies calculated from
mass differences, All quantities are given for the process
taking place In the direction of the arrow.‘ The sun of the
energies in aay cycle must necessarily be zero to conserve
mass-energy.

The dizagonal lines in figure 30 connect the 4n+2 with

the 4n+l series. The numbers associated with these lines

are the neutron binding energies calculated from
(BE) = (m(Z,N)—m(Z,N-i)—mn)Cz 7.6

where m, is the mass of the neﬁtron.

It is clear that much invaluable infofmation about
the neutron-deficient region can be derived from careful
atomlc mass measurements, It is anticipated that as ex-
perimental techniques improve, the investigation of more of

thesefnuclei 17ill become feasible.



92/2 2’4
N
\p)
,\(o
82452/3R
LO
co !O
v
| 2 2/7
lgA'E 8476 H,

8549 218 18,30 22Th

&
N
9/59 2/7 8628 2217,

778/ | ZZIAWC

76



CHAPTER VIII
CONCLUSIONS

Several nuclei in the neutron-deficient region have
been studied using the helium jet recoil transport method.
The prominent features of these studies are as follows.

2 oang 2164,

Investigations of the alpha decay of
have revealed a systematic occurrence of isomerism in the
odd-0dd N = 127 isotones. kThe nature of the isomeric states
can likely be explained using a short range tensor neutron-
proton residual force and ezpanding the inerf coré to in-
clude paired protons. Similar trends are observed in the

reduced width fluctuations of 214Fr and 216Ac

210, ¢ ong 212

e

Levels of Fr up to ~1 eV excitation
populéted by alvha decay have been studied and a striking
correspondenoe was found to exist between these nuclei and
208B1. On the basis of thils correspondence, some infofma»
tion about srins and parities of these'levels was deduced,
The a2lpha decay of 215Ba was studied experimentally,
ahd theoretically using the énfuncﬁién approxzimation, It
was found thet the theory reprcduced the experimental re-
sults well whken pure‘shell model configurations were used

215

for the grourd state of

2 lpn. Exverimentally it was observed that the low-lying

Ba and the first 3 levels of

energy levels of 21lBn greatly resembled those of 2°/pb.
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The ground state alpha decay of the even-odd 127
isotones 211P0, 213Rn9 215Ra9 and 217Thvhas been studied
theoretically using the Mang shell model theory. It was
observed that the theory adequately reproduced the relative
alpha decay rates up to 215an At 217‘1‘1&9 theory and ex-
periment becszine divergent. This was probably a conseguence
of approximating the nucleon wave functions by pure shell
- model orbitals.

222q,  22lqy, 2185, ana 217ge

The new isotopes
were discovered and their alpha decay pfopertieé measured.
Reduced width fluctuations were understood in terms of sinmple
nucleon pairing considerations.,

Atomlc masses for severai nuclel were caloculated
from the ground state alpha decay Q-values measured in this
work., New information concefniﬁg-neu%ren binding energies

and electron-capture decay energies Was obtalned,



APPENDIX
LSS RANGE THEORY

Some »f the concevts of the Lindhard Scharff and

65

Schiott ranze theory are summarized with special emphasis

on the ranges in helium of recoils studied in this work.
Lindhard et 21. have formuiated a~"unified theory"

of atomic stonping in terms of the 2 dimensicnless parameters

.Pand €. These are defined in the following expressions

vhere subscript 1 refers to the recoil and subscript 2 refers

to the He gasur

Hl

’ A.l

p =t aZREJHZ

€ = & aily A,2
2
Z1Zye” (Hg+ Ma)

Here, R is the range (cm), E is the energy (ergs), and N is

the number of He atoms/cc. The parameter a is defined as
a = 0.8853 a, (2/742%/3)1/2 S A3

where 2, is the Bohr radius, Essentially,f) and € represent
generalized rénge and energy respectively.
For the recoil energles encountered in this work,

both electronic and nuclear stopping processes are important.v
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In terms of the generallzed paranmeters P and € , the elec-

tronic stopping power is

(gg = x.€/? A.3
dF>e
1/2.1/2 3/2
shere 0.0793 2242/ “(A,+A.)
" x = 7176 1 72 2 | AL
2/3 _2/3.3/4 3/2,1/2
A Rl Vel s

The nucslear stopplng power 1is derived assuming that
the interaction between the colliding atoms can be described
by the sereened potential (lezez/r)U(r/a), where 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 stopoing. The parameter k 1is quite

insensitive to mass number, and for recoils in the regipn of

A =220, ¥ = 0,1, The generalized range-energy curve for
65,66

k = 0.1 is as follows

50

1
10
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22k,

Using equation A.l, the generalized range is 4.18 for 224‘1‘h

As an example, the theory is applied to

recoils traversing 1.2 cm of He at 1.9 atm. From the pre-.
ceeding graph, € is determlned to be 2,0. Substituting

this value into equation A.2 yields a 22k

Th recoil energy
of 2,8 eV, A comparison between theory and experiment for
heavy ions in Ee, however, reveals that this value could be

low by as much as 20%65.
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