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ALPHA_RADIOACTIVIT¥HQF NUCLITES WITH ATOMIC NUMBERS LESS THAN 83
John Oscar Rasmussens Jr. v
Radiation laboratory and Department of Chemistry
University of California, Berkeley; California
ABSTRACT

In a survey for alpha activity amoﬁg cyclotron=produced neutron-deficient
miclides of the eléments belﬁw lead alpha activity waé detected in a numbér
of rare earth nuélidesvwith atomic numbér greater than 62, that.of samarium,-
ahd in‘a gold and‘a mercury nuclidé. A.detailed'study of the alpha—-active
nuclides of emropium,‘gadoliniumg-terbium, and dysprosium ﬁas made,

The tren_ds‘of the rare eartﬁ alpha decay energies are discussed,
particularly with relatién.to the abnorﬁally decreased neutron binding
energies just beyond the closed shell of 82 neutrons.

The relationship between alpha decay ratés aﬁd energies in the rare
earth region is examined, Experimental values of alpha decay enérgies are
used to calculete predicted values of the rare'earth alpha decay rates by
extfapolation of four'different alpha decay rate formulas adjusted to gi§e
agreement with alpha decay rate data of even=even type nuclides in the
heavy element region, These predicted valﬁes are'cbmpared with the
experimental valuésg and the pfoblem oflthe determination of the "effective
nuclear radius for alpha particles® discussed;

A bfief review of various alpha decay rate treatﬁents is made,

A semi-empirical correlation of alpha.décay’rate data of eveﬁ°even type
maclides of the heavy elements is carried out using a‘fofmula for the
effective muclear radius based on experimental alpha particle bémbardment
cross sectioﬁs. Finally, a new many¥body type alpha decay rate formula,

relating decay rate to nmuclear level spacing, is derived and discussed.
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ATPHA MDIOAMWTW’Z OF NUCLIDES WITH ATOMIC NUMBFERS LESS THAN
v John Oscar Ra smussen, Jr :
Radiation Iabcrﬁtorv and Department of Chemistry
University of Czlifornia, Berkeley, Jalifornla
I. JIKTRODUCTION
Radioactive decay by emission of alpha particles is a commoniy
observed mode of decay in the isotopes, both matural and = fizinl,
g &

of the elements of atomic number greater than 82, that of lesd, " However,

@

with the lone exception of the a3phq emitling isotope of natursl samariuvm

(Z = 62), dlscover°d by Hevesy ani P"hl in 1933, alpha decay in isotones
of elements below bismuth (2 = 83) had not heen reported priocr to 19@9.2

At various times the problem of alpha stsbility in these lighter elements

veral

slope of the experﬂnentnl nass defect curve that most isotopes of mass

number grea%er than about 150 are energetically unstable toward slpha

o

decay. The fact that alpha decay had not been observed (excepting in

semarivm) in the naturally occurring isotopes of +the medium heavy elements
could be:adequately'explained by the quantum mechanical consideration of
the rate of penetrﬁ+1on'of the coulomhic potential bharrier by escaping

4

alpha parﬁicles. The decay rate formulas developed by Gamow™ and by Gurney

and Condon® and verified by comﬁarison with experimentsl alpha decay data
in the heavy elements showed the alpha decay rate to be a very sensitive
exponentisl function of decay energy. Thus, the naturally occurring iso-
topes of medium heavy elements mizht be unstable toward'alpha decay by
energies up to about 2 Mev and still have unobservably long alpﬁa decay

. ¢
half-lives (greater than ~10%° years),
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Kohman6

has made an analysis of the binding energies for alpha

| particles in medium heavy elements, based on the semi°empifica1 mass
equation of Bohr and Wheeler7 and the experimental mass defect curve, On
this basis.Kohman has prédicted for the medium heavy eléments that those
nuclides sufficiently far'tq the‘neutron°deficiént side cf the beta
stability regioﬁ might ékhibit observable. alpha decay. _The mass defect
curve is not well enough known in the_regipng»of interes£ te make very
exact predictionsg A semiempirical fbrmgla fér alpha decay energy
-developed by Feenberg,8 teking into'accqunt £he finite cqmpressibility
oé miclear matter, leads to the saﬁe general conclusions.

Studies? of the sysﬁematics of alpha decay enérgy among the heavy
elements have shown that, in accordanqe with the above mentioned theoretical
predictions, for a series of isotopes (constant 2) thé natural trend of
alpha décay ehergy is tq increase as the number of neutrons is decreased,
except for a large diSconﬁinuity at the closed shell of 126 neutrons.

While alpha decay energy generally increases with decreasing neutron
nnﬁber, the energy ayailable for'orﬂital elecﬁpon‘capture or positron

decay also generally increases(aside from fluqtuations due to puclear shell
effects) and, consequently, half-lives for both @odesvof decay decrease.
Whether or not by thé removal of neutrons in the medium héavy eleménts
alpha emission would become_an important mode of decéy Before tﬁe half-lives
became inconveniently shorf for detection had to be tesfed by experimenfse'

The production of such highly neutron-deficient isotopes became feasi-

ble with the completion of the 184=inch cyclotron at Berkeley, for it was

showniC that the highly excited compound nuclei formed by bombardment of
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heavy and medium heavy elements with 200 tov400 Mev alpha particles, deuterons,
or protnns-dissipated much of this excitstion energy by thelevaporation of
the small nuclear particles, predominantly neutrons, Thus, feir yields of
(d,xn), (p,xn), or (a,xn) reactions with x rang;ng'from one to twelve or more
could bevfeasonably expected ét high bombarding energies, The competition
of the fission reaction with neutron evaporation was expected to be mich
less serious in medium heavy ihan in heavy elements.ll

It, therefore, seemed worth while to initiate a survey in which targefs
of various medium heavy elements would be subjected to high energy particle
bombardments and then examined for alpha radiéactivity.

2 reported some:positive results of

In 1949 Thompson and co=workers
this survey, the discovery of alpha radioéctivity in neutron deficient iso=
topes of gold and mercury and in isotopes of the rare earth elements con- |
teining a few more than 82 neutrons.

The present paper is concerned with the detailed study of the alpha

radiocactive iéotopes discovered in the survey, particularly.in the heavy

"rare earth region., Also, several hitherto unreporied'alpha“active isotopes

in the rare earth region are reported,
It may be worth mentioning at this point that with similar short,
survey-type bombardments with 200 Mev protons on tungsten, tantalum, silver,

2 it wés not possible

palladium;.samarium oxide, and tellurium (Tel2?) oxide
with the techniques employed here to detect induced-alpha radiocactivity other
than that ascribable to heavy element contamination, The significance of

these negative results is only qualitative; faster, more sensitive techniques

may eventually uncover induced alpha activity in the'regions where initially



8=

‘negative results were obtained. In particular,. the prospect of obtaining
bombardmenﬁs‘pf good intensity with 100 Mev carbon ions in the Berkeley
60=inch cyclotronl3 has renewed interest in repeating by this new means the
survey for alphe radiosctivity in these regions, Through carbon ion bom=
bardments of neodymium oxide it has beeﬁ shown that the highly neutron~
deficient isotopes exhibiting alpha activityfcén be produced withoutiproducing
large amounts of less neutron=deficient isotopes; whose beta=gamma rsdiations
make the search for small amounts of alpha activity more difficult; Larger
' émounts of the undesired slightly neutron-deficient isotones, mhich add to
the beta-ganma background, are inevitably produced by high ‘energy bLombardments

: 4) , :

with the7conVentional'bombardment particlés'(ﬁl; H2; He

IT, EXPERIMENTAL METHODS
A, Productién of.Alpha‘Active Isotopes

For the production of the alpha active isotopes to be investigeted
three particle accelefators at the‘UniVersity of Czlifornia Kediation
Loboratory have been used:= the 184finch qyclotron, the 60=inch qulétron,
and the 32 Mev préton linear accelerator, |

Rare earth'elements were bombardea as the.poﬁdéred oxideé; Moterials
of the higheg%‘availablé chemical purity weré'generally used as target
materialso Freedom from heavy element‘impurities (uraniSm, thorium, bismuth,
ani lead) was especiall& important in expe:iments_on short=lived actiﬁities‘
vhere rare earth chemical separations were not feasibie° In the 184~inch .
_ éycloﬁron the oxides'were geﬁerally bbmbarded ﬁithin envelopes of 0,00"25

inch platinum clamped to a prebe within the cyclotron tank. The probe
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could be positioned within the tank to expose the target material to

- bombardment at a radius corresponding to the desired bombardment energy.
Where metal.foils were bombsrded in the 184=inch cyclotron, they were clamped
tO’target.holders at the end of the probe° In the 60-inch cyclotron alpha |
particle, deuteron, or prdton bombafdments, the rare earth oxides were
bombarded in £hé special target assembly déveloped fo; the transcurium
isotope work at this laboratory and described in a fecent article by
Thompson et g;.i4 -This;wateracooled assembly expéses the target to bombardment
by the deflectea beam of the 60=inch cyclotron. - The c!? ion bombardments of
rare éarth oxides were made within the‘vacuum tank, with thé,oxides‘wrappe&
in envelopeé of 0000025-in¢h tantalum foil, which were in turn clamped to

a probe,

B, Detection of Alpha Activity

Alpha activity was detéctedvfollowing bombardments by counting samples
in argon-filled ionization chémber counteré ad justed with the aid of én
_ oscilloscope such that they would count only the relatively large ionization
pulses produced by alpha particlés and not the "ﬁile*ups" due to beta=
gamma activity. Alpha particles of‘tﬁe energies encountered in this work
(2.9 to 5,7 Mev) rapidly lose'energy by ionization in traversal of mattefe
Therefore,_it'was'desirable thaf samplesvfor.alpha counting be made as thinp
as possible, Samples were usually prepared by evaporation of active |
solutions oﬁ 5 mil thick piatinum disks. The disks were heated to red
heat in a flame to drive off all remaining moisture and to destroy

organic material in order to minimize the self-absorption of alpha activity
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in the sample, Despite the fact that target_méterials of good purity =
were used, there was often enough alpha activity present from heavy element
- contemination that it was found desirable.to use-as the detectién deviée the
special argon=filled ionization chamber and 48-chanmnel differential pulse
height analyzernls‘.By counting the alpha-radioactivity in the pulse'agalyzer
ion chamber a measurement of the pulée_height-was obtained. vThé alpha particle
energy could then be ecalculated by comparison with the pulse heights produced .
by élpha emitter standards of known energyol Since the muclear coulombic
- .potential barrier for alphe particles is considerably'lower for rare earth
element nuclei than for heavy element nmuclei, the alpha particles‘emitted
by the rare earth element muclei have energies less than that of any heavy
element contamination alpha activities of comparable alpha decay half-lives
by atrleast 1 Mev, Thus, from the observation of alpha particle energy and
_ the alpha dscay half-1ife of'thgiaétivity alone, an estimate of the atomic
mumber of the alpha active muclide can be made with an uncertainty not gfeater
then approximafely ten, ‘ _ | | | |

For each.alpha activity cbserved_in the medium heévy elements it would
be desirable to obtain the folloﬁing informations (1) alpha particle energy,
(2) half-1ife of aétivityg (3) atoﬁic ﬁnmbér of alphe sctive nuclide (element
sesignment), (4) mass number of mclide, and (5) other modés of decay, their
baccompgnying radiations, and branching fatios betwééh’the decaj modes of the
nuclide, The expe?im9g§a1lmethods.employed forvqbtainiﬁglsueh information N

are discussed in Appendix I, .
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I1I., EXPERIMENTAL RESULTS

A number of the alpha emitting nuclides discovered among the neutron~
deficient nuclides of the medium heavy elements have been studied individually,
Table I lists a nﬁmbér of these alpha emitters with some of their proper-—.
ties, Following the table tﬁe experimental results are présented in
greatef detail., The % sign with'numerical data precedes the éstimated'
limits of error, not the ﬁrobable error., Experimental uncertainties
in this work'geﬂérally arise from so many sources as tégfender statistical
evaluation of probsble error'impractical. Figure 1 shows the section

of the isotope chart in which the rare earth alpha emitters are situated,

A. Furopium Isotopes (Z = 63)

In the first preliminary report2 concerning this investigation it was
stated that bombardment of samarium (Z = 62) oxide with 200 MeV'pfotons
produced no significant amount.of alpha activity. This and other early
proton bombardments of samarium for short periods of time (less than one
hour), which also gave negative results, indicated that alpha decay is not
a prominent mode_of decay amoné thoseAneutron“deficient isotopes of |
europium and samarium, whose half-liﬁés are long enough >3 minutés) to
have been observed,

Later it was found possible by longer bombardments of samarium targeté
with proténs or deuterons to produce enough of one europium isotope, Eul479
to observe.its alpha decay branching; Comparable amoﬁhts of Eulés, Eulés,

and Bul4? have not shown detectable alpha sctivity and are presumed to

have partial alpha decay half-lives greater by at least a factor of five



Table I

triificial Alpba Acbivities in Elements Below lead

¥ass No,

Alrhs pariticle Meazsured

energy (Mev)

half-1iie

Other mwodes

Pranching
raido Rtetal

Partisl slphe
decay half-1ife

Prepared by

Ble- Al,
nent ¥ -
Bu 63
Gd 64
™ 65
65
Dy 66 -
66
66
An 79
He €0

147

148

149

150

149

150 or
151

149 AC153

149 ¢ A¢153
140 €.AL153

2.8y % 0.1

|

i
A

"

o

o

‘;_l

4,21 £ 0,06
4,05 £ 0,04
3,67 * 0,08

C.1

14

5.07

5.60-% 0.1

244 % 2

T

~10m2

°</K x_ra:rs'.

~10= 4

P N
~6x10°y(within
factor of 3)

~1, 4x102y( within
factor of 3)

~ 4z103y(within
factor of 3)

~30d(within

factor of 4)

$mi47(p,n)e.5 Mev
Sm147(d,2)19 Mev
Sm™ (d,3n) 19 Mev

Sm147(x,3n) 36 Vev
Euldl(p,4n)32 Vev

14 - '
SmtA7 (e ,2n)30 Mev

EulS1(a,3n)1¢ Mev

Bu 0t (x,6n)60 Nev

Gd(p,zn)32 - 200 Mev

Gd(p,xn)100 Mev

EulSH(,xn)60 Mev

p15%(p,3m) 100 Vev
Tb159(p,x0) 100 Mev

Tp159(p,xm)100 Mev

Mt97(a,pxn) 150 Mev
Po(p,xn)120 Mev

A_u1 97(d,xn)190 Vev

=Z'[¢
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then thet of Fut4?, Following bombardment of separated isotope ¢oSmi47
oxide with 8,5 Mev protons and of natural samarium oxide with 19 Mev
k deuterons, there has been obseried a small amcunt of alpha activity which
decays with about a three week half-1ife, | '

After these bombardments europium activities were separated from
the samarium target material by means of the standard cation exchange
column elutions described-in Appendix 1.3, The eluting agent for the
83°Cvsqparation wasg pH~3;4,citrate;solution.hvLowgenergy alpha activity -
.was detected, following chemical sepsration, iﬁithg'europium fraction,,

Energy determinatioﬁ for .the europium alpha aétivity wvas made by
pulse analysis of a thin vaporized sample, .The pulse anélysis curve is »
shom 1ﬁﬂFigure 2,.togethér vith curves for the alpha énergy standards
Gd;43 and Sml47 taken at about the same time. The alpha particle energy
for the standard Sm147 ( avuniform, vaporized sample of Ozk Ridge separated
sml47 6xide)'was taken as 2,18 Mev from the work of Jesse and Sadauskis.16
The enérgy for the standard Gd14§ is taken as 3.16 Mé§, the determination
of which is described in the following section, III B, By 1ineér
interpoiation between the standards the alpha particle energy of this
europium activity is,deﬁermined to be 2,88 Mev with estimated limits of
error 4 0.1 Mev, The alpha activity peak at 3,16 Mev in the europium
sample is presuﬁed to 5e due to'Gdl48. formed by alphe partiélesfcontamin—
ating-thé 60-inch cyclotron deuteron beam, - The cetion éxchahgé separation
does not separate gadolinium coﬁplefel&'from europium under thé cgndi;v”ﬁ
tions used in this work, B _

Chemical proof that the 2,88 Mev alpha activity is due to a éﬁropiwn

nuclide and not to a gadolinium nﬁclide (vhich might conceivably have
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been_prodqced by alpha particles in the deuteron,or vroton beams of the
&0=inch cyqlotron) has been made by subjecting a mixture of a sample
conteining 2°§8xMev_a1pha aétiﬁity‘and del48(3.i6 Mev) alpha ‘tracer to

& sodium amalgam reduction separation (Appendix I.3). Alpha pulse arelysis

»

of activity in the reduced-'fraction and.of activity not reduced showed the:
. predominance of 2,88 Mev alpha activity in thé reduced fraction (euraopium)
end of 3,16 Msv alpha‘activity in that notwreduced‘(gadolinium), 

From the decay curve!(Figﬁre 3) for‘thértotél_count rate ‘summed over
the 2,88 Mev pesk on the pulse analyzer, a.value of 26 1.4 days was deduced
for the half-life of the activity. The large Jiﬁits of error on-the half-
life determined from this curve arise from the statistical uncertainties
éttending these determinations of such low dounting rates and the fact
that deecay-could only be followed through & decay factor of three.,

'L general study of the neutron:defigient“eurbpinm«@%otopes by Hoff,
Rasdmugsen, and Thompson17 hes been:recently.made byﬂprbton,and deutefoﬁ -
hombardments of isotopically ehriched-saﬁarium'oxidelzvtargetsu' The isotope
Euld? was found to decay predominantly“by«électron capture vith a.halfﬂlife
of 24 4 2 days as determined frém Geigef-counter.decay curves, -None of
the -other neutron deficient europium isotoﬁeséwith»mass numbers hetween .
144 and 150 have half-lives near 24 faysy, Henceyithe 2,838 Mev alpha .
activity in europium must arise from mlé?, o o

Detefmination of the branching ratio-betﬁeenwalpha'decay and electron

R .7
capture in P4

is difficult, since the detailedidecay scheme for the
electron cspture process inAEul47 has not been studied yet.. Hence, it

is not known what, to assume for the counting yield of a Geigerzlueller
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counter for the redistions accompanying electron capture decay of Fulé?,

Hétﬁ order to make 2 rouah esflmate of tha o/EC branching ra'io in Fu1“7

r

the dec y of the 24 daj ac+ivity was followed by countinc tho same thin
vaporized sample in the -alpha pulse anslyzer and in a ‘windowless methane
proportional counter (Nucleometér18)~operated at 5 kev., The counting
yield of the Mucleometer for electrpn capture decay ig ggnerallyrmnch .

higher than that of a conventional :iGeiger counter since the Nucleometer

‘counte Auger and conversion electrons of low énergies which would be

atopped by the window of a Geiger«cdupteru It was found in @his*labdratory
for a few heavy element electron=capturing: ruclides whose absolute

disintegration ratés can be calculated by -observstion of growth of their

.alpha active daughters that the mean counting yield of 30 percent for

the electron capture process in the Nucleometer is not greatly in error
for any of the examples studied. Assuming 30,p@rcgﬁr‘@ counting yleld for
the electron capture decay of Tal4? in the nucleometer and a counting.
yield of'@O percent for the alpha decey in the alpha pulse mnalyzer, the
brenching ratio was calculated to be roughly a/fC % 1 x 10"5, With

this branching ratio the partial half-life for alpha decay is about

b6 x lO3 years, Tt is evident that the uncertainty of this partiel alpha

half-life estimate is largely due to the counting yield assumption for

EC, It is probably reliable within a factor ’o_f.three.

B, Gadolinium Isotopes (Z 64).

1. 316 Mev Gd148 --Aftpr a bombardment of dy présium oxide vith

200 Mew protong a small amountmof a long lived, low energy elpha activity
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was_foundi Subsequent bombardments showed it to be produced in much
larggr-yield by 38 Mev alpha particle hombardment of natural samarium oxide
or, in still gre’eter yield, of semarium enriched = in Smt¥7, Also this
activity was produced in large'yﬁeld by 50 Mev.proton bombardment of
europium oxide and in low'yieli»with 32 Mev protons.

Bombarded material containing this activity was subjécted»to chemical
separation by standard cation ekchange column elutions and by sodium-
amalgam reduction as describedjin Appendix I.3, In all these separations
the long lived alpha'ectivity remained with the gedolinium fraction.

. The~alpha particle energy of this long lived»gadolinium isotope was
defermined by pulse ana1y51s and comparison with alphasemitting standards
of known energy by use of a pulse generator technique discussed in
Appendix T, 1 The:energy.was determined as 3.15¢ Mev from the plot .
in Figure 12. An earlier determinatiOn using fever standards gave 3,18
Mev, The value 3elg +:0.1 Mev was{seleoted,‘withlconservatively large - -
error 1imits selected because the alpha energyvstandards used were of
much higher'energy.

The 3.1g Mev alpna activity is too long 1lived for a half-life
determination by the usual decay methods, A small sample (158 alpha
disintegrations per minute) of this activity wes oonnted at intervals
during a period of one'year inva~stenderdr217 geometry ionization chamber
alpha counter.and did not decey detectably (<2 percent). These, counting
data established a lover‘linit of.35 years for the half-life,

The deiermination of mass number of the gadolinium isotope giving

rise to this activitj vas made on the basis of ‘the experimentally determined
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excitation functions for its producfion by alpha particle bombardment
of enriched samarium (Sm147) oxide;l2 and by proton bhombardment of natursl
europium. The alpha_partiC1e excitation funotion, shown in Figure 4,
was determinod'by_oombardment in the 607inoh_cyolotron and ﬁhe proton
function by 31 Hev proton bombardment in the linear accelerstor, using
the modified stacked.fdil technique deseribed in Appendix I.4. No
special collimatioﬁ to reduoo the energy inhomogeneity of the alpha
particle beam'wao uéod. .In the transfer of bombarded oxideé to platinum‘
plates for countiné, the oxides were dissolved in 12 N HCI, o;ecinitated
. as the hydroxides b& addition of ammonia gas, washed with water, and
slurried onto platinum plates for countlng.

The element ass1gnment of the J.16 Mev alpha act1V1ty to gadolinium
reduced the mass asoignmept problem to that of deciding whether the
| GXClt&ulOn function of Flgure 4 w1th reactwon threshold 28 - - 30 Nev is
that of an (a,n), (a,2n), Ea,3n) or (a,4n) reactlon. The chéice shouid
be con51stpnt w1th the obserVrtion in the proton ey01t~t+on Punc’rlon
of about a 30 Mev threshold for_uhe Eul5l(p,xn)Gdl52 X reaction, Since |
stétistical tﬁeory %fodiofs; és‘gombérdiﬁg energy is inecreased, a very
gradual onset of reéoéions in which several ﬁéﬁtrons are evaporated,
%ﬁe actual énérgotgc thfoéholas are probébly below the estimates from
‘These insensitive oxpoélments. )Théofetgoai estimafes of (a,xn) and
(p,xn) energatlc thresholds vere made by calculatlon from masses in the

atomlc mass table of MetrOpolis and Reltw1esnerl9 (based on & semiemplrl-

cal mass Pormula of Ferml) Table IIvlists these values,
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Teble II

Calculated Reaction Thresliolds from Fermi Semiempirical Mass Equation

s “Threshold
Reaction S S L (Mev),
sml47(a,2n)cad47 ST 16,9
(n;En)Gd148 : A SR f";'24Q5‘
(a;4n)0at47 T T 34,0
o TR B
mlfl(p,3mea® 119
(pahn)eals® o L . o 255
(p,5n)Gd;§7 j .'A D ‘34.9
O empt. R 1
R

The éomparison>§f‘phe.experimgﬁtél and‘tpéorétiéal valﬁes»in fabie IT
indicate a probable mass aséinnmenf éf fhe 3.16 Yev alpha activity to
Gﬂ*“s, aluhough the “ossibili%y of an ass‘onment to Gd14‘ is not too
improbable, . pa“tlcull“ly when Wt is realized thet the calculated threshold
would bhe lowered hy a decrnase in neufron bi ndin~ energy that might be
eVchth for s#veral ﬂeutrons Deyond the closed shell ct 9/ (cf H%ﬂveyzo).
The%mgss a531gnment to 148 ratbor than to 147 seems nore con81stent vith
the lgpg half-11f° (>35 ypzrs) of th 1s activity, for th° even—odd nvvllde
Gdl47 shiould have about,z Mev more energy gvallable for electronvcapuure
decay than even-even nucllde Gd148 | N

It is possible to make a very rough estimate of the pqrtlal half-life

for alpha decay of Gd148 from the yield of 3. 16 Mev alpha activity produced
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in the excitation function bombardment of Sml47 with alpha particles if an
approximate value is assumed for the (G,Bn) reaction eross section., From
the observed yield for 36 Mév}alphé perticles with a beam of measured
intensity it was determined that Tl/2aé-(a,3n)?.lo4 X 102 yeoars barn°1.

The (ayxn) cross sections in the rare earth region are not known, If it
is agssumed that this cross section is about one barn, as was found for
the (a,3n) reaction on Bi?09 at the same energy ahove the (ny3n) threéhold,zl
the estimate of thévalpha half-life of Gdl48 would be 1.4 x 102 vears,
This estimate may be reliable to a.factor of three,

The presence of long lived eléctron@capturing gadolinium isotopes
in the samples containing Gd148 make it impossible at present by simple
beta-gamma counting to set a significant lower.limit on the brarching
- ratio bstweeh alpha decay and electron captufe, if electron capﬁure is
8 mode of decay. The possibility that GA48 may be stable with respect
~to electron capture decay can neither be ruled out nér confirmed by present
data. |

2. Alpha Activity of Other Gsdolinium Isotopes.--Following a

bombardmént of 200 mg of samarium oxide with 31 Mev alﬁha particles a
chemical sepération by standard cation exchange column elution at room
temperature (Appendix 1;3) was made, A sample plate of the gadolinium
and europium chemical fraction was prepared by vapérizétion. A smali
amount of 3.16 Mev Gdl48 was observed in the sample; in addition there
wag some activity with alpha energy of aboﬁt 3.0-¢ 0,15 Mev which decayed
with a half-life of about a week,. This 3,0 Mev activity was not observed
following intensive deuteron (19 Mev) bombardments of Sm203vand, hence,

149

 cannot be europium. The 3.0 Mev activity was assigned to Gd~/, which
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has been studied by Hoff et g;,17 and found to decaﬁ mainly by orbital
électron capture with a half-life of ¢ t 1 days, The a/EC branching
retio is about 7 x 106 from comparison counting in the alpha pulse
analyzer and the methane proportional counter (Nucleometer) on the same
coﬁnting yield assumptions as were made for the T 147 0/EC estimation
(ioeag 6y Os4s BCy 0,3), This branching ratio figure is probably good
to within a factor of three., This branéhiﬁgwratio wouldj;orre5pond to
a partial alpha half-life of about 4 x 163 years., ,

It hes been suggested by Kohmahzz that G410 might be stabtle with
respect to electron captﬁfe although it % missing in nature, Thus,
like Sm146, Gdl5o might be sbimissing because its alpha decay half-1ife
is mach less than the age of thevelements (i.es Tl/g S‘108'years). Ini
the hope that the alpha half-life of Gal50 might be short enough to detect

2 irradiation of 40 mg

by cyclotron_pr@ductipn a 45 microampere hour em”
: éf Bup03 with 19 Mev deuterons Qas made. 6150 "should have béen produced
in fair yield by the reaction Eul51(d,3n)6alC,

Following bombardment the’Eu203 target material was dissolved in
6N HC1, the rare earth hydroxides were precipitatéd withlammonia, and "’
after‘redissolving'with a minimum of 6N HC1l a chemical separation of
europium (aha partialiy samarium)‘from gadoliniuﬁ was made by the sodium
amalgam procedure (Appendix 1.3),

A thin uniform szample of part of gadolinium fraction on a platinum

plate was prepared by the volatilization technique (Aﬁpendix 1.1). This

sample“exhibited (Fig, 5) a minute amount (0.45 alpha disintegrations/minute)
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of alpha_acfivity of 2,7 + O,lﬁﬂMév energy. The.presehce osthopi range
"alpha activity in~the gadqlinium fraction was further_confirmed1by_Dun1avey,23
vho introduced some of the gadplinium fpgction into the emulsion of an
Ilford C2 phétégraphic plate and allowed it to stand for several days
before develoﬁing. Microsc0pié examination of the developed plate revealed
a number of.alpha particle tracks with a mean range of about 9,7 microns.
This range corresponds to an alpha pérticle energy of 2,7, Mev on the -
range-energy cufves of Rotblat,<4

The assigmment of this alpha activity to 6d150 can ét present be no
more than a tentativevsuggestion based principally on semiempirical con=
siderations of the probable expected alpha decay energy for GdlSO.
Insufficient time has elapsed to rule out the possibility that this activity
could arise from 155 day2> Gal”l.

Sun et §;.26-have reported observing an alpha activity.of 7.0 hour
half-life from a bombardment of Sm203 Qith 30 Mev alpha particles, This
activity was assigned by them to gadolinium, since it was not produced
by proton (8 Mev) and deuteron (15 Mev) bombardments on SméO3o They do
not mention any alpha particle energy measurements nor any chemical
separations, In apparent contradiction to_this no 7.0 hour rare earth
zlphae activity has been observed here following bombardments of Sm203>
with 30 Mev alpha particles and Eu203 with 30 Mev protons, In nearly
all bombardments here it.is observed thét some alpha activity due to
tréces of heavy element (uranium, thorium, bismuth, or lead) impurities

in the target materials is produced. It has generally been necessary

to make alpha energy measurements or chemical separations or both to
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make sure that observed alpha activity was due to rare earthinﬁclideék
and not to heavy element contaminants. For example, the 7.5 hour aipha_
emitter Atzll would be produced in good yield'by 30 Mev alpha particles
on an extremely‘small amount ¢f bismuth impurity by the reaction
Bi209(q,2n)At?1l, This possibility should not‘be ignored. An alpha
particle energy measurement on any newly disco§eréd alpha emitter in the
rare earth region needs to be nade*asaproof in view of the probability

of heavy element impurities in small amounts.

C. Terbiuﬁ Isotopes (2 = 65)

In a preliminary report2 the discovery of rare earth alpha emitters
with alpha particle energies of 4.2 and 4.0 Mev and half-lives of ~7 =~
" minutes and ~4 hours, respectively, was repbrtéd and their tentative.
assignment to terbium made. Subsequent work provided‘chemical_proof for
the assignmén£ of the latter activity to terbium (3095 Mev, 4.1 hour).
The seven minute activity, whose half-life is too short for chemical
identification of the element, was réassigned,to dysprosium (Z = 66)h‘
on the basis of later bombardment data. Its appearance in low yield
after proton bombardments of gadolinium oxide in the first experiments
was probably due to a small amount of terbium present in the target
material. A second alpha emitter in terbium (3.44 Mev, 19 hour) was §180
observed and studied.

1. 3.95 Mev Tbi49 __ This alpha emitter of 4.l hour half-life was

the first of the artificial rare earth alpha emitters to be observed, 2

following a bombardment of gadolinium oxide with 200 Mev protons.
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Subsequentlj,‘the 4ol hour alpha activity was also produced by bombardment
of terbium oxide with 120 Mev protons, of dysprosium oxide and ytterbium
oxide with 200 Mev protons, and of eﬁropium.oxide with alpha particles of
90 Mev, 120 Mev, and (in ~3 percent of the 90 Mev yield) 60 Mev alpha
particles., It was pfoduced in very low yield in a bombardment of
gadolinium oxide with 31 Mev protons,

Followihg 3 number of thesevbombardments chemical separaiions of the
rare earth products were made by the standard’cation exchange column
béiutiohs described in Appendix I.3. The 4,1 hour alpha activity was
élways observed exclusively in the terbium chemical fractions.

‘Fig, 6 shows alpha pulse analysis curves of the'4,1.hour terbium
alpha activity and of a R34 - U235 standard, both being thin, uniform
samples prepared by volatilization. From the ﬁositions of the leading
édges of the U234 and the 23> peaks the energy scale can be determined.,
The leading edge of the Tb149 peak corresponds to an energy of 3,93 Mev,
Other energy determinations weré in close agreement with this. A weighted
average of three determinations gives a best value éf alpha particle
energy of 3,95 + 0.04 Mev, |

In Fig. 7 is ﬁlotted the decay curve of the total alpha activity
in the unseparated material produced in a 15 minute bombardment of
gadolinium oxide with 75 MeV‘protons, The 4.1 hour acﬁivity is seen
-to be by far the predominant éctivity, From this &cay curve, making
a minor correction for thé'pfesence of the 19 hour alpha activitys ﬁhe

half-life of 6149 vas set at 4,1 + 0.1 hours,
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The mass number ih9 uae assigned to this activity on.the basis of
a'mass spectrographic determination previously reported;27

No posiﬁron activity with 4.1 hour half-life could be observed in
samples containing Tb149, but it has not been so far possible from |
direct counting data to make a significant estimate on the branching
ratio between alpha decay and electron capture, as all samples contalnlng
Tb]'l*"9 also contained presumably some 5 hour Tblsé, which decays by

electron capture =8

2. 3.4 Mev Terbium.— High energy (lOO 200 Mev) proton bombardments

of gadolinium oxide; terblum ax1de, and dysprOSLum oxide, and alpha
partlcle bombardments of europium oxide were observed to produce some
alpha activity of 19 hour half-1ife. |

Following pfoton bombardments of gadolinium oxide and of dysprosium
ox1de9 the terbium act1v1t1es were separated from the gadollnlum target
material by means of the standard cation exchange column elutions de-
scribed in Appendix I.3. For the 87°% separations, pH 3.4 citrate
solution was used as the elutiné agent. This alpha activity'uas found
exclusively in the terbium chemical fraction, \An alpha pulse analysis
curve of column-separated terbium alpha activities from a bombardment of-
dysprosium oxide with 200 Mev protons is shown in Figure 8. Frem phe
pulse analysis of a standard sample of U234 and U235 the energy spread was
- determined as.26°1 kev/register. The separation between the leading edges
of peaks for the 19 hour terbiumﬁand 4.1 hour terpium alpha activities is
20.3 registers; oerresponding to an energy difference of abou£ 0.53 Mev.
This difference was checked in sevepal other measurements. Since the 4.1

hour activity has an alpha particle energy of 3.95 t 0.04 Mev; the energy

[
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of the 19 hour terbium is calculgfed to be 3,45 Mev, From an average of
several measurements the energy was set at 3‘44vi 0.1 Mev..

| In Figure 9 ié piottgd the decay curve of the 3.4 Mev peak, where the °
counting rates were determiﬁed by taking the total’counté under“the peak
on thé puisevanalysis_curves and subtracting a backgrbqnd, Froﬁ this
curve the half=-life of the activity W8 determined as 19 + 1 hours,

Only a tenfaﬁive mass assignment of the 19 hoﬁr activity can be made
at present, The obsérvatiqn was made from a‘series of three alpha particle
borbardments of europium oxide at 60, 9C, and 120 Mev that ﬁhe vield of
l?ﬂhour‘ac%ivity-relative to thevéol hour is greatest for thg}éo Mev
bombardments in vhich the yield of the 4,1 hour activity is much lower
than at-90 or 120 Mev, The 4.1 hour Tv%? can be produced by Eul51(s,én)Tn™4?
or Ep}53(u,8n)Tb149 reaction, In the €0 Mev bombardment the Eulil(a,én}ib?Ag
reaction was probably mroceeding justfabovg its energetic threshold and was
thus in low yield, while the Eu151’153(a,5n)Tb150’152 and Eulﬁl’l?B(a,én)
Tb1519;53 reactions wéuld;have,ghéwn cbnsiderablyvhigher yields at én Mev
than at 90 Mev or 120 Mev, From.such considerations it would seem"thét
the mass numbgr of't@e 19 hour activity is probably greaterithap 142, ﬁhe
mags pumber of the 4.1 hour activity, WNo alpha activity (a/EC < 5.x 1076)
was found by Wilkinson28“for:berbium isotopes which could be produced by
bombardment 6£ @uzof_by 38hMév alpha particles, tﬁat isy with mass numbers
153 and'gyeater, ‘Hence, the 19 hour alpha emitté;-#robﬁiy has the mass-
rumber 150, 151, or possibly 152, It should be possible by further excita-
tion funetion work with alpha varticles on europiuﬁ‘to make an exact mass

assignment.
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Theoretical half-life energy relations for alpha decay lead to the
conclusion that the predominant mode of décay df.the 19 hour terbium alpha
emitter must be orbital electron cépture or positron emission. The presence
of 17.2 hour Tbl5h, howéver, which decays by electron capture and pqsitfon

28 in all samples of the 19 hour terbium has hitherto made im-

~ emission,
possible any direct determination of the branching ratios between the

expected modes of decay of the 19 hour terbium alpha emitter.

D. Dysprosium Isotopes (Z = 66)

The three dysprosium alpha emitters listed in Table I were observed
following high energy proton bombardments qf se?erai rare earth eleménts
with atomic number greater than 64. They were also produced by 100 Mev
c12 son bombardments of neodymium (Z = 60) oxide by Nd(Clz,xn)Dy reactions.
The alpha energies and the half-lives of these isotopes ﬁere determined
: followiﬁg bombardments of terbium (Z = 65) oxide with protons of about
100 Mev éhergy°

With regafd to the possible mass assignments of the three dysprosium
activities of bo2qs 4.0gs and 3061 Mev energies, it is“to be noted thét
all three are produced in goed yiéld by 100 Mev protons on terbium. _Thé
hoOé and 3061 Mev acti#ities are apparently produced in extremely low yield
by 70 Mev protons on terbium, The ¢ross sections for production of all
three dysprosium alpha emitters undergo large increases somewhere Eetween
70 and 100 Mev. An approximate theoretical calculation, of the type that
29

has been outlined by Fermi,™” of the most probable number of neutrons to

be evaporated from the compound nucleus Dy;éo, (Tbl59‘+'Hl), excited to a
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maximum of energy by 70 Mev or 100 Mev protons is € - 7 or 9 - 10, respect=
ively. The dysprosium alpha emitters then would most likely be producys of
,Tb159‘(p,xn)Dyléo°x resctions with 7<x<1l, allowing the limits 153¢AC149 to
be set on the mass numbers, It is hoped that further studies of bombardment_
yields of these alpha emitters in the proton energy range between 70 and
120 Mev, Will enab;e one to set better'limits on the individual mass numbers,
No information concerﬁing other modes of decay, such as electron
capture or positron emission, has been obtzined yet for any of the three
dysyfosium alpha emitters,

1. 432 Mev DysproSium,—~Bombardments of terbium oxide with 100 Mev

protons and bomba;dmenﬁs of neod;mium oxide:with ~100 Mev 012 iong were
cbsarved to_?roduce some alpha actlivity with a seven minute helf-life,

A probable element assignment is made by notiﬁg the bombariments in_
vhich this activity is produced and those in which it is not, ‘its nroduc~
tion by protens on terbium and by carbon ions on‘neodymiﬁm (7 = 60) restricts
the stomic number of the seven minute activity to 56 or less. Also, its
atonic mumber must be greater than 65, for it was not produce@ by‘bombard°'
ments of europium oxide withlalpha particles at energies of 67, ©0, and
1éo Mev, Hence, the seven minute activity'is attributed to a dysprosium
muclide (Z = 60),

Energy determination for the geven minute dyéprosium activity has been
made frem the first and second of the alpﬁa pulse analysis curves of
actiyities from a bombardment of terbium oxi@e with;lOO-Mev protqﬁs for

ten minutes, shown in Figure 10, The separation between the 19 minute

and 7 minute peaks is geen to be 4.2 + 0.6 registers, Calibration of the
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‘pulse analyzer at these gain settings, using U235,and Gd148 standards;
determines the energy scale as 35.4 kev per register. The energy dif-
fe;ence between the peaks is, therefore, 4.2 x 0.035, = 0.15 t‘oooz Mev,
- The alpha particle energy of the 19 minute dysprosium activity was de-
termined as 4.06 ¥ 0.04 Mev. The alpha particle energy of the seven
minute activity is set then at h.2l‘i 0.06 Mev.

Figure 11 shows a plot of the decay of the two highest energy
dysprosium alpha peaks. The counting rates were calcuiated from the
summation of tﬁe counts under each pulse analysis peak. The half—life
of 7% 2 minutes is determined from the slope of the decay curve. Other

half-life determinations agree within these limits.

2. 4.0g Mev Dysprosium.-- Bombardménts of terbium oxide with 100

Mev protons and of dysprosium oxide with 200 Mev protons were observed
to produce alpha activity with a 19 minute half-life.

The assignment of this activity to dysprosium is made on the basisg
of_its appearance in the 100 Mev proton bombardment of terbium oxide and -
not in alpha particle bombardments of europium oxide at energies of 60
Mev, 90 Mev, and 120 Mev. The a}pha particle energy of the 19 minute
.dysprosium activity is determined»from the plot in Figure 12 és,

4006 S OOQA Mev by pulse analysisgrusing a pulse generator comparison
technique described in_‘Appe'ndix:Ll°

Figure 11, referred to in the previous section,»showé a plot of
the decay of the 4.06 Mev alpha peak. From this plot the half-life of
the activity is set at 19 minutes. Other half-life determinations

check fairly well; suggesting the error limits L 4 minutes.
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o6 Mev Dysprosium,==Bombardments of terbium oxide with 100 Mev
; - : ’ ! :

vand 120 Mev proteons and bombardments Qf neodymium oxide with ~100 Vev C12
lons have produced someualPha activity of 2,3 hour half-life,

The element assignment to dysprosium is made on the basis of a chemi=
cal separation of the producté of a 120 Mev proton bombardment of terbium
oxide. The separatign;wés made by standard cation exchange column elution
© at 789 C using pH 3.3 citrate solution aé eluting agent, as described in
Appendix I.3.
| The alpha;particle energy has been deteynﬁfﬁd best by the pulse genera=
tor ﬁeehnique'deséribed’in Appendix I.1 and is shown on the plot in Figure
12, The alpha particle énergy is determined to bé'3,6l_¢ 0,08 Mev,

Figure 13 is a semilog plét of the‘decay through two half=life periods
of the alpha counts under the 3,67 Mev peak on the pulse analyzer. The )

half=1ife is determined from the slope to be 2.3 & C.,2 hours,

E. Isotopes of Other Fére Farth Elements
There is good evidence of short half;life élpha activities in rare
earth elements with atomic mumber greater than 6&, tﬁat of dysprbsium,v
alghough no éystematic study of them has yet beém made,

A short bombardment of aysprOSium oxide witﬁ 200 Mev protons produced,
in addition to several activities in terbium and dySﬁroSium which hévé béen
pmeviéusly discussed (Sections ITIC ana D), gome alpha activity with about
a four mimite half=life and 4.2 + 0.15 Mev energy. This activity probably
arises from a holmium (Z = 67) isotope, |

A shoft bombardment of samarium (Z:=.62) oxide with 100 Mev C12 ions

was, observed to produce some alpha activity with about a 3 1/2 minute
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half-l1ife, No energy measurement of the‘alpha particles was made, so the
possibility that this eetivity came from heavy element impurities in ‘the
target material cannot be ruled out, but it seems probable that this
act1v1ty was due to & holmium (Z = 67) or erbium (Z 68) nucllde° |

It appears that no appreciable alphaAbranchlng is exhibited by
neutronﬂdefioient miclides of atomic number 67 to 69 with half-lives of
intermediate length (<1 hour), A two hour bombardment of.erbium (z = 68)
oxide with 200 Mev protons was made, and chemical separation by cation
exchange column was completed two hours after the end of the bombardment'
No alpha actiV1ty was found in the fractlons corresponding to elements with
atomic nnmber greater than 66 (dysprosium). (The 2.3 hour dysprosium
-alpha acﬁivity and the 4.1 hour terbium activity were prominent in their
respective chemical fractions.) ‘In a search for long=lived alpha activity
a target of ytterbium oxide (Z = 70) was given an intensive irradiation
by protons of 150 and 250 Mev for & totd of about forty hours, After
several days a chemical separation by standard cetion exchange’column
elutions was msde., No alpha activity'iﬁ any of the rare earth elements
was found except for tﬁe 3.1¢ Mev alpha aetivity in gadoliniﬁm'due to Gd148°

No alpha activities in nuclides with atomic numbers less than 63
(europium) have yet been observedﬁin this igveetigation,_excepting, of
eourse;.the natural alpha emitting isotope Sm1479 Only a few shor£ survey
bombardments have been made ip-this'regionw

The best chance of observing alpha activity'in an artificially produced
samarium isotope is probably in the 84 neutron isotope Sm146,‘which is

presumed beta stable?? but is missing in nature°
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It seems likely that eome of the nuclides containing 84 or a few more
neutrons of the elements of atomic number greater than 66 will exhibit
appreciable decay by alpha pafticle emission, It is to be expected, however,
that the increased energies available to the electron capture or positron
decay process will result in very short half-lives for these isotopes.

Those muclides with half-lives greater than a few minutes in these higher
elements are probably so many ﬁeutrons beyond the 84 neutron configuration
favorable to alpha decay that they will show unooservab]y low alpha decay

‘branching,

F. Gold Isotope* (A = 79)

Following bombardments of gold f01ls with 200 Mev protons or 190 Mev
deuterons and of platinum foils with protons of as low energy as 100 Mev,
©an alpha activity of 4.3 minute half-life was observed, 2

This activity was a331gned to gold on the basis of a chemical gepara-
tion procedure utilizing extraction of the chloride 1nto ethyl acetate as
described in Appendix I.3, ' The alpha activity in the gold fraction was
counted within thirty seconds following chemical separation and no evidence
of deviatlon from the simple 4.3 minute decay was found., From this evidence,
it can be stated that the alpha particles are emitted either by the 4.3

minute gold nuclide or by its platinum daughter nuelide (from positron or

* The alphaiactivity in gold was discovered by S. G. Thompson and
A, Ghiorso, and some of the work reported in thie section was done by

| them. The material is included here merely for completeness.
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_eléctroh capture decay) with the half-life of the daughter less than 15
seconds; the 1atter-possibility‘seeming>Unlikely but‘poésible{

By alphavpulsa analyéis the energy of the 4.3 mimite alpha rarticles
was determined as 5,07 4 601 Mev, Cpmpariéon standards Pu2397(5914-Mev)9
A4l (5,48 Mev), and Cm?4R (6.08 Mev) were used in‘the determinstion, -

‘The half-life of 4.3 + 0.2 minutes has been determined from alpha
decay curves extending through a decay factor of 100, |
— * The 1limits set on the mass number of ‘the gold alpha emitter are rather
indefiniteg based on evidence GOncerning bombardment energies necesséry
for its productlona Tentatlve llmlts of 183 < A < 187 have been set.,

Chemically separated 9amples contalning the gold alpha actlvity were
counted with standard Gelger counters9 w1th and wlthout beryllium ;bd lead

absorhers, A component with approx1mately four mlnute halfal1fe can be
resolved from the deeay curves, From comparlson of countlng rates »dth

dlfferent combinations of absorbers it was possible to determlne an approximate
flgure for the abundance of electromagnet;bﬁfadlatlon W1th four mlnute
halfallfe of about the energy of platlnum K X°rays@ The ratlo of alpha
dlslntegratlons to four minute K x/rays was aboﬁ% id +, If both radlataons
arise from the same isotope and if roughly one K xmray per electron capture
dlSlntegration is emltted, then the a/EC branchlng ratlo would be 1034 as
reported in the 1949 paper°2 This branchlng ratio should be.regarded as

very tentative,; pending further work to check the assumptions involved,

——— . - . . . S e e~
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G. Mercury Isoﬁope* (Z = 80)

Following bombardments of gold foils with 190 Mev deuterens some
alpha activity of 0,7 minute half*life was observed, ,

»Thisvaetivity wes assigned te_mercury on the basis of e.chemieal
separation by veiatilization (see Appendix I.3) from the gold foil, .

The alpha particle.energy of the 0.7 minute activity was determined
to be 5,60 + 0.1 Mev. by alpha pulse analysie. Its haifflife was determined
to be 0.7 ¢ O;meinutelfrom decay curves ef ehe 5.6 Mev alpha peak from
the pulse analyses. " |

No work to determine the threshold bombardment energy for production
of this act1v1ty has been done beyond the original 190 Mev deuteron
'bombardments; hence, no significant.limits on the mass number can be

set at this time.

| IV, DISCUSSION
: A; Alpha Decay Rate

The alpha emitters in the rare earth reglon are of Spec1a1 interest
in that they provide-data on the rate_of alpha decay in a region'consideraﬁly
removed from the heavy element eipha emitters,

Of the rare earth alpha emitte}s with known decay energies only the
naturally occurring Sm147 has its partialghelf-lifevfor alpha decay well
determined, 'The partial alpha decay half-lives of,Eu147,_Gd149, and Gd148
are:knowh with a factor of three ﬁncerteinty. For most ofvfhevother alpha

emitters studied no estimate of a/EC-branching ratio can now be made; for

* The work reported in this section concerning the alpha activity in

mercury was performed by S. G. Thompson and A, Ghiorso and is included

here merely for completeness.
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' théseg of course, it can be‘étated that the partial alpha half-lives are
greater'théh the experimentally-observed half-lives,. Conclusions from so
few data must be very tentative, fet it was felt ﬁorthwhile to present
the fééults of extrapolation to the rare earths of several depay formulag
used 1n vhe heavy element regionm.

For comparlson alpha decay half-lives hHave been calculated by
éxtrapolatlon of formulas in which parameters have been ad justed to' give
good égreément with the alpﬁa decay rates of the even=even.type alpha
emitters among the heavy elements'(exéluding éhe.pOIOnium isotopesBo).
Fourvdifferent fermulas (the first three using WKB ‘approximation expres—-
sions for the barrier penétrability factor and the fourth a similar
- expression caléulated by the "method of steepest descents") have been
employed, the chief point of difference between the formulas being the
different expressions used for the effective nuclear fadius for alpha
‘particles, 5' | v

The first three formulas used can.ailrﬁe expressed generally as a
. product - | | | | | ”

Y = wro(E)l/2

(4.1).
ﬁherg'Y is the.alpha decay constant in second™l, E is the alpha decay
ehérgy in Mev, P is,thé expohential barrier penetration factor, and'Yo

is the "decay constant without barrier at 1 Mev" in second”™l. The fourth
fofmula derived by Preston3l and used recently by Kaplan32 has the same
exponentia} factor P but has a céefficient showing a more complicated
deﬁendence_on décay energy than ﬁhe simple square root,. |

‘The first formula was derived, as Cohen33 has done, using a nuclear

radius expression determined from the comparison of experimental
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-alpha particle bombardmentvexcitation,functionsgl’34’35’36 with the

theoretical'calculations'cf Weisskcpf;37 Theh the parameter Y, was
calculated separately for meny even-even heavy.element alpha emitters am
the geometric meen 5603 x;ldlajsecondsfl takeﬁ (corresponding to a level
‘width withoct barrier atlc;Mev cf 8.1 kev in excellent agreement with |
Cohen's331c9rrectioh:to_Bethefs ﬁany body alpha decay_freatment38). The
nucleer radiusve#preSSiontbaeed:on.ﬁhe work of Jungermacﬁ36 on Th232
(alpha,vfissicn)ecross sections |
r= (143 AY3 4 1.48) x 10013m (422)

(A = mass‘numbeffof daughtef'nucleus)'was used, The additive constant
1.48 x 10~13cm for the alpha particle radius is the value_used by
Weieskopf.37 |

The second formule is the form of the one~body aiﬁha decay expreeSion
useq'by Perlman and”Zpsilantis3o-with.Yo(E)l/2 given by vo/r where v, is
the velocity of the alpheiparticle (center of mass system) at infinite
- distance from the mucleus. bThis ccfresponds tc Yo =17. 7'x 1620 seconds™1
for the rare earth studles.. They found good agreement in thelr calculations

{

u51ng the sample radlus expression .
= 1,48 A1/3 x 10'13 cm, : | (4.3)
and this radius formula is also.used'for the rare earth calculations,
The third formula is from the original many-body treatment of_Bethe.3a
A'stvalue of 6,24 x 1014 seconds™! was used. The simple radiue fofmula'
| r—205A1/3x1013 o _' o (4.4)
orlglnally given by Behe was used after checking it with. decay data of

Pu23€ and findlng it to give‘agreement,
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31 and also applied recently

The fourth formula is that derived by Preston
by Kaplan.32 The values tabulated in Table III were calculated by taking,
as Preston and Kaplan have dones the smallest solution for (E - U), the
kinetic energy of the alpha particle ﬁithin-theinucleUS,and'usiﬁg~nuclearA
radius values Eiven by Present ts3? formula, -~ |

r = ra3[1 4 0.8 (& = 2272472-0,34"1/3 + 0,010 72 4 (4.5)
with ro* = 1,50 x 10~13 cm, the value foﬁnd by K&plan32“by applying the. -
Preston alpha decay formula to the even—-even type alpha-eﬁittérs-in the
heavy region, ‘

The penetration factor P in all cases was calculated by the exponential
expression (6@0) of Bethe.38

Table IIT lists for comparison the calculated alpha half-life values
and the GXperimental values for fhe light alpha emitters, Column 4 contains
an additive correction ‘factor to the alpha decay energy necessitatéd by |
the consideration of the potenfial screening due to the electron cloud,
as pointed out by Ambr031no and P1at1er.4o This is ‘the first of two
‘corrections of about the same magnltude proposed by them and has been estimated
vfrom the Fermi-=Thomas atomic model and experimental blndlng-energy data
(ef, Appendix II) as . v .

=728 (2= 1% 3kev. (4.6)

Tt is felt that the inclusion of both corrections would involve .
a.duplicationgnas is pointed out in Appendix II,

Three of the rare earth nuclideé included in the comparison are not
of fhe even-even type, so that, in general, the agreement with a decay

' rate formula for: even-even alpha emitteérs would not be expected, In



Table III

Cormparison of Experimentel with Theoreticel
Alpha Decay Falf-Lives for

Tight A1

PNa

vha Emitters

Tuelide Algpha Eso F‘*‘ Fartial Bsth Cale, - Hatio Calc, Ratio Cale, Ratio _C;-_mic. Ratio

: particle (Mev) miclear alpka  EBrror half- Cale,:  helf- Calc,: half- calc,: half- calc,:

‘energy (Electron energy balf- lirit  1ife exp. life exp. life exp. life eXTe
(Mev) Screening (Wev) life factor exp. one body ) reny one
Cor.) (Bxp) radins Fer lran~. tody body
' Ypzilantis . Bethe Preston-
! ) Xaplan
S 2,18 0,02 2,26 - 1.470lly 1,5 1.8x10'2y 7,9 s.zx10lly s.0  2.8:x1013y 200 1.6x1013y 114
Eul47 2,83 0.02 2,96 ~6x103y 3 1,83x10% 3.0 1.4gx10%y 2.5 - 4.3x109y 72 2,5x10%y 42
cal®®. 3,36 0.02 3,27  ~1,4x102y 3 2.0gx10%y 1,5  1.0gx10%y 0,77  4.7x10%y 34 2.,0x103y 14
cal4%® 3.0 0.02 3.1 ~4x103y 3 1.03x10% 2,6 3.5x103y 0,87
cal150) 2,7 0.02. 2.8 8.8:10% 4,0gx108y
%9 3,05 0,02 4,07  24,1h 9.2h 5.5h 7.0d 3.94
m{351) 3 4z 0.02 3.55  >1%h 3.9y 1.65y
S 4 1 0,02 4,34 >6m 42m 57m
1,452 406 0,02 4,19 >1om 5.2h 7.6h
{151 561 0,02 3,72 »2.3b 0.8% 1.15y
2(188) 5 o7 1 0.03 5,21 »4.3m
‘ (~30d) 2 17n 8.0h

7:(189) 5 50 0.03 5,76 »0.7m 33 3.6m

) indicotes value of rass nurber essumed for calculation where mass nurber is not known,
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accordance with observation in the heavy region, howevef, the odd nucleon
tyﬁes ﬁould be expected to have half-lives longer than ﬁredicted'by the
" even-even formula rather than shorter, aé_are‘actualiy observed, ’

| ‘Little can be concluded from the alpha émittérs'whose a/EC branChing
fétios are not known, AllAthe extrapolations give aipha half-lives grea§er
than the lower limits set by the experimentally obsefved hélf°lives. The
dnly comparisons of any significance thét can be madé are those for Sm147
Eu147 Gd149, and Gdl4sa The first two treatments predlct half=lives in
falr agreement with experiment, while the third and fourth predict half- \
llves too long, Note, though, that the extrapolations by the third and
fourth treétménts appear in ;elafively bad light with respect to the first
in that the radius formulas in the third and fourth do not have the addi=
£iveﬁconstant for the alpha particlefradius, and the fourth treatmént
sﬁffers fuffher in using Present's fbrmula which givésvan even smallér
redius than the simple anl/3 formulas, The use of radius formulas with
additive constants could provide an extra ten'perceni in radius needed fo
bring thé.predictions 5y the'thifd and fSﬁrtﬁ treatments into_as;good
.agreement 8s those of fhe first or second. One can only conclude in this
fegard that by use of a décay formula with a'freQuency factor as high as.
tﬁose in the one body models,; a rédius formila without additive coﬁstant
is adequate, but with fOrmulas employing iower frequency factors,
agreement is best secured by use of a radius formula-with an additive.
constant. |

. None of the treatments give the correct emergy aependence of the
halfniifeo In all cases *‘t,he'Eu.;"l*'7 and sm147 predictions are successively

worse (i.e. predicted half-lives grester than experimental) than the Gd148
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and Gd149 predictions, These discrepancies. may be due to eiperimgnta;
error in the value of 2,18 Mev for the alpha particle energy of Sm147,“
(Sml47lwas used as the standard in determination of Eﬁ147 energy.) There
s wide_ﬁariation in energy values reported in the iitérature (ef NBSl
Nuclear Tables“l). So great is thé sensitivity of the barrier penetration
factor to a change in energy at the low energy of Sml47, that an incréasé'
in energy of only 52 kev_would incfEage the expoﬁential penetration factor
5y a factor of six, enough to.bring‘good agréement with experiment, For
reference the calculated dependence éf the‘peﬁetration factor on energy

is tabulated in Table IV and graphed for Smm7 in Figure 14.

Table IV.

Rate of Change of Penetration Factor with Energy

J

" Radius used  Alpha energy © T =d log1oP

Nuclide (10-13 em) (Mev) : dE(Mev)
Ga148 8.99 327 8.6
Euld? 8.97 298 9.7
sul4? 10.78 2,26 1467
Sml47 8.97 2,26 15,0

sml47 .76 2,26 14

" There is also the possibility, as Wheeler™? suggested, that the
excessively large decay rate of Smlz*_7 is due to an effective nuclear

radius increase due to a deviatioﬁ of the smi47 nucleus from spherical
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symmetry, as would be shown by a large nuclear quadrupole moment, concerning

1

which no measurements have yet been published.

B, Rare Earth Alpha Decay Energy Sjetematics and the Neutron Closed Shell of 82
| With khowledge of the alpha decay energies cf many isotopes of the |

heavy elements and the beta decay energies of a few it has been Doss1b1e |

to calculate the relatlve mexssesz"3 of nuclldes of given radioactlve famllles

wlth great accuracy by the ﬁethod of closed decay cycles° The determlnatlon

of a faw neutron binding energies made it possiible to relafe fhe mass velces

between the varioue decay families and thus to calculate the relaiive'masees

of a very large number.of heavy_nuclides. |

Before studying the systematics of aipha decay energies in the rare

earth regicn it would be well to attempt to calculate any unobserved alpha

energies possible by the method of closed decay cycle energy Baiances,9

The appllcation of such calculations to the rare earth alpha emitters is

unfortunately quite limited, since in the region where alpha decay oceurs

the principal decay proceSS‘is orbital electron capture, for which it ;s

not possible to make direct experimental determinations of the decay energy.

It is possible, though, to calculate the alpha decay energies of Pﬁ147'.'l'

and Ndl47 as followss (The mass assignment of the samarium alpha activity

to 147 has been made by Weave;44_and by Rasmussen et g;.,27 and the alpha

pafticie energy 2,18 Mev ae dete;mined in en argon-filled ionizatioeﬁu

16

chamber by Jesse and Sadauskis~” is used with recoil energy and screening

correction added to give the nuclear decay energy).
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Sm ¢ Eg.=0,223  ~ ?m - Bg+Y = 0,915 e
a noy ! [
) '
Ly = 2426 Mev: . . -, %Eal %ag
| |
l '
Eg= = 0,932 r EgtY = 1.44 e

Conservation of energy‘requiréé'that'

Eal

Egy = Eqq + 0,915 = 1.44 = 1,04 Mev

2.26 + 0,223 = 05932 = 1.56 Mev

(Beta decay energies Of‘Pml47 and Pri%3 are from the NBS table.4l)
Nd147 decay energies are from the work:of Emmérich and‘Kurbatov,45 and
Ce143 energies are from the work of Mandeville«and Shapiro.46' These
alpha decay energies'cbrrgépond'to alpha half=lives much too iong for
experimental detection. ' .

The 1list of rare earth"nQCIidéé‘with kndwn alpha decay ehergies can
be augmented for a siﬁdy'of dé;éﬁ énergy trends by the addition of a few
nuclides for which upper or IOWerzlimits,on alpha decay energy. can be set
by consideration of the relation—between alpha decay energy and rate,

- Approximate upper energy limits can be set for the naturally occurring
rare earth nuclides not Observéd?tO'undergo alpha decay, Included in
Table V are'Ndl44, Sm144§'and Sml48‘for vhich upper enefgy limits have
been set on the assumption that the#half°lives for alpha decay must be
greater than 1014‘years to have escaped experimental detection of decay.47
The lower energy limit in Table V for the presumably beta étable-Sml46

not pfesenﬁ'in nature was set ‘on the assumption that its alpha decay .
half-life must bé less than 108 years to have decéyed away since the origin

of the elements,.
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Table V also lists the'alpha decay energies calculated from Fermifs
-semiempifical mass equation using the tebles of Metropolie and Reitwiesner19
and assuming a mass for He# of 4,00390 atomic mass units end the mass energy
conversion factor of 931.4 Mev =1 a,m.u, |

In Figure 15’the energy data of Table V are plotied»ggainst neutron
number, | | |

The gadolinium isotopes constitute the only isotopic. sequence. for '
vhich the mass numbers are fairly. certain. Mass essignments‘onvthe plot
for the dysprosium isotopes and 3.44 Mev'terbium"are guesses based on
the expectation that the various curves. of Figure 15 should be nearly
parellel as.are those of Figure 16, a plot of alpha energies egainst
‘mass number in the heavy region. /

It is evident from Fig. 15 that a maximum in alpha _decay_ energy
occurs for the samarium isotopes at 83 or 84 neutfons. In Section III A
evidence was presented to show that Eul45,.Eul48, and Ful49 must have
elpha half-lives much longer than that of Eu147,'since no alpﬁa activity
ascribable to. them has been obsefved.‘ In accordance with the relation
between-alpha decay energy and decay rate it can,xthus,-beuassumed that
Eul47 with 84 neﬁtrons, for which alpha decay has acfually been observed,
has a greater alpha decay energy than any of;its neighboring europium
isotopes (with'the possible exception'of:Eul46,.for vhich a significant
upper 1limit on the alpha half-life has not yet been determined). For the
gadolinium ard terbium isotopes, also, the maximum in alpha decay energy
probably is found for the 84 neutroe nuclides, Furthermore, no alpha
activity ascribable.to a nuclide wiih less than 84 neutrons has yet been

observed,
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Table .V

Alpha Decay Energies of Rare Earfh Nuclides

' Ea (Exp.)'

Nuclide @ N = Mev Inc, "Normal" Eq (Calc, Difference
- Screening from semi-emp, : Mev
Correction _ mass eqn,) Mev
Sm47 85 | 2,260 0,087 2,18
Eulé? 84 ©2,987 0,73 " 2,25
a8y 327 119  2.08
149 85 3,1 1.01 2,1
150 - 86 2,8 © - 0,87 - 1.é
o149 84 4,08 1.60 - : o 2,48
(151 (86)  3us6 - LB 228
. py(150)  (84) 435 2,05 2.30
(151) - (85).  4.20 1.87° | o233
(152) - ~(86) 3.73 173 - 2,00
el 86 L6(eale) -0.59 2,15
Nal4? - 87 1.04(cale) =1.28 | 2,32
‘Nglé4 84 <2,0 ~0,68 | <2,68
Smlé4 82 <2.1 40,64 | <1.5
smi¥8 86 @1 =007 : 2,2
Sm146 84 - 2.4  40.28 32

( ) indicates mass number not knoﬁn’but mérely assumed for calculations, -
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The normal trend for alpha decay energy to increase with decreasing
neutron number- is seénffrom the family of parallel lines in Fig, 15 defined
by. the -alpha decay.energiesvcalculatgdifrom,Egrmi?gAsgmigmpiriqa} mass
equation in which no account is taken of fluctﬁafions:in.nuclear binding .

" energies caﬁsed by quantum effect;;_éucpiaslgbgééugsgfibed to nucleaf
closed shells,” The true albha decay ‘energies are not only greater than
mass equation values by about 2 Mev,:ﬁuf?eihiéit‘a'disébnfihﬁity in the
normal trend, dropping to lower alpha decay values for neutron numbers

less than 84. o

Although the neutron binding energies of these alpha active rafe»
earth nuclides cannot be calculated rxpiicitly as for the alpha emitters
- in tﬂe neighborhood of 126 neu‘trons,20 the gnalogbietweenithe alphavdecay
energy curves in the two reéions, vith their maxima at 84 and 128 neutrons,
respectively, would strongly suggest that the maxima at 84.neutrons in
the rare earth alpha decay energies are a consequence of the decreased

neutron binding energies just beyond the closed,shell48 of 82 neutrons

PRI

ST I

in analogy to the maxima at 128 neutronéhféﬁuiting_from fﬁe'éﬁhormally‘

low neﬁtron binding energies just beyond the closed shell of 126 neutrons,
The effect on alphé decay energies of the 82 neutron.closed shell -

was early suspected after diScovéry_ofzrare earth alpha activity. Before

any element or méss assignments had been made this relation of the closed

shell was discusged b& Thompson et g;:f_ngnq by ?§r1m§n et gl.é? and

predictions of the probable. mass numbersagf‘alpha,act;ve_nuciides ﬁadé.

Subsequent experimental work has borne out these predictions to a remarkable

degree,
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The neuiroq binding energy comparisons of Harveyzo show clearly
an abnormal_drop in the neutron binding eﬁergiés just beyond 126 neutrons,
and the few cases compared near 82 neutrons seem to indicafe a like dis-
Agontinuityo The few experimentally determined neutron binding energies- in
Harvey's qompilatiqn near 82 neutrons can be used as a basis for calculation
- of the-neuﬁron binding energies of isobaric nuclei ﬁsing.beta decay energies
for closed cycle energy balance calculations similar to the cycle calculations
of alpha decay energies earlier in this section., Beta decay energies and
decay schemes from the.NBS nuclear'tableSAJ have been used, -except for the
positron decay energy of Pr140, which was reéently‘redeterminedso spectro-
graphically as 2,23 Mev, Table VI summariges these calculations. The
diffefences, An, between actual and mass equation calculated neutron binding
energies is plotted against neutron numbérbin Fig. l7,las Harve&zo has
donef A drop of 1.5 Mev in neutron binding energies in croésingvthe'82
ﬁeutron configuration is séen. This discontinuity in the neutron binding
re;éfgj evidéntly éxtendslinto the.region of higher atomic number, where it
affects the alpha decay energies,

The decreased néutréﬁ binding eneréies jdst beyond 82 neutrons facili-
tate the observation of élpha emissipn in two respects, First, alpha decay
vehergies are increased, and, second, the energies available to the electron
capture or positron emiésion decay processes are decreased,

From small extrapoiations of the curvés in Fig. 15 one might estimate
the decay energiés of a few nuclides, the alpha activities of thch have
- not;yet been detected, sﬁéh 88, Sm146, ~2.5 Mev, Sml48, ~2.,0 Mev, Pm145,
~2,0 Mev, With such energies alpha.activity of Smt4® should be barely \

‘detectable and that of Sm:u"8 and Pnt45 undetectable by present techniques,
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Table VI
Neutron Binding Energies Near 82 Neutrons

(Binding energy of last neutron in muclide.)

Bn Bn An

:Nucllde 7 N Exp. (Mev) %ﬁ::iEqn.- ; (&§$§p - Bméés eqn)
matél 60 81 7.9, | 7,25].-,_.,:-:;;.;, 0.7

V.p“u,i 59 82 9.5 8o a1
. Bal3? 56 83 5.2 5.63 =04

Ml 58 83 5.7 626 . =0.6

W4l 57 84 68 7.3 0.6

Bal4l 56 85 ~5.0 5.30 03

ng1°0 60 90 T.4 7.16 40.2 |

Ng147 60 83-87 - | ~0.62

' Ave, 4 meutrons ' = :

to Nal47

Dot eavaa—g

 Underlining denotes experimental value from compilation of Hervey,20 -

Since the magnitude of t_h§ discontinuity in neutron bin_dihg energies at

. 82 neutrons is sbout 1.5 Mey, the 83 and:82 neutron isotopes mig?t be
expected to have on the-order of 1.5 agd 3 Mev, respectively, less energy
for alpha decay than the 84 neutrén nuclide of the samg_z. :This energy

. difference easily accéunts for the undetectablyviow alpha decay;rate of
Sml44 and ipdicates that the alpha decay of nuclides with less than 84
’neutrons may only become observable in e;ements with_atomic number greater

than 65, that of ‘terbium.
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It is interesting to nbte thét as the atomic number is increased at
constant neutron.numbef 84 the increése in alpha decay energy in going
from atomic number 64 to 65 is much greater than that in going from 63 to
64, 1In Table V, tooy, it is seen that £he energy'diffefence column shows
the Tbl49 alphafeﬁergy to.show.the highest.differénce, some 0,3 Mev higher
thén.the average of the lower elements, The observation might indicate
that the 65th proton is less tlghtly bound than the general average in the
reglon, that 64 mlght be a mlnor ”maglc nnmber" proton conflgurationp A
small Splitting between the 2d5/2 and 2d3/2 levels on the M‘ayer48 nuclear
shell model could account for a slight extra stabilization of the 64 proton
configurationo

Similarly, the.observance of alphé activity in a géld and in a mercury
miclide might be an indication of a minor neutron magic number arouhd 102 =
106 neutrons (from the mass number limits 183(5 A.S 187 on the gold alpha
emitter), The numbers 100 at the splitting between the 2f7/2 and 2f5/2 and
106 at the énd of the 2f5/2 level can be deéived froﬁ the Mayér shéll model,
Clearly, until there is muchvmore information on alpha decay energies of
light gold and mercury nﬁclidesg the minor magic number possibility must

 remain only speculation,

V, - DISCUSSION ON ALFHA DECAY RATE THEORY
Summary of Symbois Used
Y Alpha decay rate constént

e™2C  Exponential barrier penetratlon factor by WKB approx1matlon

c_l/h)j“ 2M7°Ejdr

T ,Centef to-center distance between alpha particle and recoil nucleus.



=/ B

R Nuclear penetration radius; the effective nuclear radius for alpha decay

Tip The value of r at the classical turning pointo- E = V = 27¢2
rtp
M  Reduced mass of alpha particle.

V  Potential energy of alpha particle; a function of T, 22e2/r for r > R,

E Total nuclear disintegration energy. Alpha particle energy + recoil
energy + change in tofal éléctron bin@ingvenergies in alpha decay,

B Barrier height energy B = ZZez/R, vwhere e is the unit charge,

A Mass Number

w =C =gv(x)

g In Bethe's5® notation P = e~2C - e-ZgY(X)’ where g,= (ANZeZR)l/z/ﬁ

v(x) = (arc cos x%/2)/x%/2 - (1 - x)1/2

X = E/,B
y = (1~ x)l/2
@ = arc cos x1/2

v = Velocity of alpha particle

D = average muclear level spacing between levels of zefo total angular
momentum and even parity.

D*  an energy value defined by equation (5.32) and presumably of the same
order of magnitude as D,

W Total nucleér energy eigenvalue,

S(W) The logarithmic derivative of the alpha particle wave function at the
nuclear radius,

Wg The real part of W, the muclear energy eigenvalue,.

1" The level width of the original nuclear state ' = Wy

k The wave number of the alpha particle at infinite distance

K The wave number of the alpha particle within the nucleus

a The muclear penetration radius for alpha particles.
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A, Alpha Decay Rate Correlations, General
In mpst treatments of alpha decay rates a rate expression of the form
Y=fP , 5
has been epplied, where Y is the alpha decay rate constant, f is a frequency
factbr or hyfothetical decay constant in the absence of a potential bafrier,
“and P is the penetration factor or probability of an alpha particle of the
given energy tunneling through the negative energy region of the coulombic
potenﬁial barrierbv The form of the penetration factor is given by Be‘che51
ag P = e“zc'from the WKBS2 approximation calculation, where
Y%
s gfERrD (2

The integration is carried out over the region where V > E, The potential
V is . generally assumed to be
(for'Sqwévevemission)

S| 2.ze? '
V= for v >R (5.3)

]

U, some constant value less than E, r < R,
and the integration is straightforward.,

In the alpha decay expressions then, there are two unknowh nuclear
quantities, The first is f, the decay constant without barrier, and the
secohd‘is R, the effective nuclear radius. For the moment the effect on

'penetrability of a third unknown, the internal potential U which-determines
the kinetic energy of the alpha particle within the nucleus, will nqt‘be
considered, as it does not enter into the simple WKB approximation Eq.(5,2)
for the penetrability. |
| If a value for either f or R is assumed or detefmined independently,
the other quantity can be calculated using the decay rate and enefgy data

of the known alpha emitters, In the past a number of different estimates
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of f.have been made and corresponding calculations of R performed by vgriqus
authors. These estimates bf f range over a factor of 106, falling roughly
into two groups~aeétimates from one body models53(10°1 to 1019 sec™l), am
estimates from many body models’#(1019 to 101% sec7l), |
| If the odd nucleon type alpha emitters are excluded, since‘many show
abnormally low decay rateg, the calculations from even-even alpha emitter
data with almost any assumption of f betwsen 10°1 and 1015 gec™! lead with
but few exceptions to remérkably self-consistent sets of R values, generally
of the right order df magnitude as inferred from other muclear.data giving
a measure of nuclear sizee*r Although an alpha decay rate expression based .
.upon an assumed f and caléﬁlated R/is of much valﬁe in relating new alpha
decay data (i.e., predicting halfélives from predicted energies, etc.) it
wpﬁld be desirable to have_an exbressién in which f and R had values mdst
nearly approaching those in the'true physical sitﬁation. The best that
can be done in this direction at present might be to reverse the older
‘procedure of assuming f and calculating R, for recently excitation function
data have been obtained which allow a determination of thevéffective nuclear
radius for alpha'particles by comparison with theoretical calcuiations by‘
Weisskopf37 of total cross sections for bombarding alpha particles., In

particular the work of Jungermann36 on the Th232(a,fission) cross section

* As Presen‘t55 pointed out, though, nuclear radius values derived frém
different types of nuclear evidence are not strictly c§mparab1é° For
instance, nucléar.radii determined from'beta decay energies of mirror nuclei
are not strictly comparable with "peﬁetration" radii calculated from charged
‘particle reactions, and néither of these, with radii determined from total

cross sections for fast neutrons,
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gives by comparison with Weisskopf's calculations an effective nuclear‘
radius of Th?32 for alpha particles of 10,27 x 10°13 cm, This value is

38 many body

intermediate between the larger radius derived from the Béthe
treatment of alpha decay and the values derived in various one body treatments.
While the experimentalvnuclear radius for alpha particles is determined
mainly by the-penetration-of more energetic alpha particles than those in
alpha decay, this value shoﬁld be very close to the radius value effective
in alpha decay.

Taking the total efféctive nucledar radius of The32 for alpha particles
to Eé'10.27 xvlo"13 cm and the additive constant ("alpha particle radius"
plus range of muclear forces) to be 1,48 x 10713 cm (as assumed by Weisskopf
in his calculations)37, the radius expression '

"R =:(l.43 a1l/3 1.48)10"13em - : (5.4)

is derived, The correlation is little affected by the value chosen for the
additive constant, sinceAl/3 varies only slightly o&er the region of the
heavy element alpha emitters.

B, Correlation of Experimental Data with a Many Body M§del Based
on Jungermann‘s Value of the Alpha Penetration Radius of Th232.

Usiné-expression (54) for the effective-nuglear radius, calculations
of £ for the known even-even alpha emitters have been made and are set
forth in Table VII. The expressién for alpha decay rate used was the simple

| Y = fem2¢ = fe7ReY(x) | (5.5)

with g and Y(x) defined as in Bethe, 5©
g = (AmZezﬁ)l/z /ﬁl | | ) o
yix) = x"1/2 are cos xl/2 -(1- x)l/2 - ?ic_s;g)g/z -

(5.6)
X = E/B

and y = (1 - x)]'/2



. o N R ‘Tablé VII
A ' _ , Alpha Decay Rate Calculations for Ground State Transitions
k _ of Even-Even Nuclides :

) S Alpha Electron .

=gG=

' ‘ Decay Screening E | -=71c;g P Flog Y : loglof’ '
=y . 7 Energy Correction Total . 10 . {(Decay Const. ) = logPF=lo ' llag@?)
0 Nuclide Mev (Mev) (Mev) (P _ e@Y% ) (Vin sec’ =1) in sec” % (¥ in sec™l)
o Cﬁ§§2 6,21 0,032 6,24 25,78 7.41 18.37 0.25  18.62
€~. Cm<40 6,37 6,40 25,17 6,57 18,60 0.24 18.84
: Pu§38 5,59 0.031 5.62 28,26 9,62 18.64 0.28 18,92
A | Pu<36 5.85  5.88  26.83 8.09 18,74 0.26 19.00
A u23 425 0,030 4o28 36,20 17,31 18.89 0.34 19,23
) U 457 © T 4o60g 33.64 15,03 18,61 0,32, 18,93
/ Uggg 4084 - 4,87 31.81 13.03 18,78 - 0.31 19.09
o el 5.40 5,43 28,40 9.50 © 18,90 0,28 19.18
: U230 5,96 5.9 25.42 6041 19,01 . 0,26 19.27
TH232 4,05 0,029 4,08 36,76 17.80 18,96 0.35 19,31
Th§3o 4o76 4eT9 31,37 12,66 18,71 . 0,31 19,02
TH&28 5,52 5,55 26,78 8,08 . 18,70 0.27 18.97
Th326 6.41 b4t 22,48 3043 19.05 0,23 19.28
| . Ra2?® 4.877 0,028 4,905 29,60 10,89 18,71 0.30 19,01
u% Ra§24 5,784 o 5,812 .24.50 5,66 18,84 0.25. 19.09
N Ra??2 6,63 6.66 20,78 1,74 19.04 0.21 19.25
| C ERR 5,587 0,027 5,614 24,60 5,68 18,92 0,26 19,18
= w 7220 6,398 6.425 20,92 1.90 19,02 0,22 19.24
: | 7?18 7.25 7.28° 17.83 1,44 19,27 0,18 19.45
Em212 6,29 6,32 21,50 3.30 18.20 18.43
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Table VII contiriued)

T e B et

Alpha Electron , y T Iog Y
Decay Sereening B -logiof . -~log logyof Lol E e :
- Energy Correction Total 7. (Decay Copst.) 1 - logPmiogy’ 2 OE(B"E) z '°§'F"§""92(§€'E)
Nuclide Mev_ {(Mev) (Mev) (P = e7?% ) (Yin sec” # in sec™l) (% in sec™h)
Po218 6,110 0,026 .  6.136 21,37 - 2.42 18,95 0.23 19,18
PoR16 6,902 6,928 18.28 =0,64 18,92 0.19 19.11
PoRl4 7.826 7.852 15,37 =3.68 19,05 0,15 19.20
Po?12 8,945 8,971 12.53 -6.36 18.89 0,11 19,00
Po210 5,403 5,429 24,82 7624 17.58 0.26 17.84
PoR08 5,24 5,27 25,75 8,14 17.61 0,27 17.88

cen



.,54c=

The change of variable from x to y was made here to facilitate accurate

calculation of a table of the function Y. This table is in Appendix III,

C., Discussion of Results of the Correlation in Section V.B,

The calculated values of f are remarkably constant except for nuclides
with 126 or less neutrons. The average of log f for 23 nuclides with
N > 126 is 18,84 + 0.15. No significanp<trendé of £ vs, Eor £ vs, Z are
evident other than a slight decrease of f with increasing 2, If f really.
should be constant for different 7, this trend would indicate that a slightly_
smaller choice of nuclear radius might be better.

Note that U238 and Th232 which were seen- to decay too rapidiy for their
energies in the comparison of Perlman and Ypsilantis3o (designated PY here=
after) are essentially in agreement with other nuclides‘here° The agreement
is probably due mainly to inclusion of the screening correction.*

Note that hindrance (less than average deéayvfate) hére is not associated
with nuclides whose alpha decay daughters have proton. or neutrén numbers less
than or equal to a closed shell " magic" number (éZ.for protons or 126 for
neutrons). Instead, the hindrance is present whéh the nuclide undergoing
alpha decay has itself the closed shell configuration or less. Thus, the
polonium nuclides with N > 126 show no hindrance in alpha decay, although the
daughter leaa isotopes have the magic number 82 protons. Such evidence might
suggest that the ﬁoticeable hindrance (factor cflten) in the nuclides with
N < 126 is associated with a discontinuity in f at closed shell configura=
tions rather than with a discontinuity in the nuclear radius, |

The most remarkable aspect about the numerical results of this and

other recent correlations3o’3l932 of even—even alpha emitter decay rate

*ef, Appendix II.
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~data is that the simple theorylworks so well to give a constant freQuency
factor or a smoothly varying nuclear radius, vhichever is calculated as

the undetermlned quantity., For decay rates ranging over a factor of 10R4
(Po?¥? to Th?3?), the calculation of the penetration factor in an idealized
model alone explains the variation., The agreement seems to some extent
fortuitous when it is recallgd what assumptions are involved in the cal=
culation of P,

One inevitably assumeé the-nucleus to be a rigid charged spﬁere with

infinitely short range attractive nuclear forces between alpha particle

and miclear matter, That is, one assumes the alpha partlcle at distances
gréater than the penetration radius to move in the pure electrostatic
coulombic potential of a point charge of the magnitude of the nuclear charge
and at distances 1ééS’than the penetration radius to move in a constant
internal potential, Now, the nuclear forces are certainly not of zero range,
so the true potential would be a smooth cqntinuous_function of r near the
radins, not the discontinﬁoﬁs idealized potential, Furthermqre, the nucleus
is not a rigid sphere but is constantly vibrating.,

From the liquid drop model equations (8) énd (25) of Bohr and Wﬁeeler57
one caléulates that the magnitude of the zero point vibration in Th232 of
the first possible mode (n = 2) of capillary oscillation corresponds to a
maximum radius excursion 6f about 9% from the averége value, Thus, one
should treat a time-varying radius in alpha decay. The penétration radius
derived for a étatic model would represent a radiﬁé nearer the maximum than
the average radius in the zero point vibration. The tfeatment for the
dynamic model wbu%g be complicated further by timéavarYing eléctric quadrupole

and higher moments,
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Refinement df_the present theory by inclusion of the above corrections
hardly seems justified at -the present time, but it is important to bear in
mind that the simple alpha decay models used for the derivation of the
ﬁreéentaday decaj.expreéSions do neglec% considerations vhich are certainly
not negligible., These omissions evidently affect thé decay rates of most
known even—even alpha emitters to about the same thent, since the simple
theory gives such exéellent_self-consistent correlations, Nevertheless,
the fact that important conéideratiéns’have been neglected constitutes a
good argument agginéf a too 1iterél écceptance of the absolute values of
fréquencyvfacﬁors or penetration radii derived from élpha décay-data.

With these reservations in minag let us see what different nuclear
frequencies might be derived ofvthe same order of magnitude as the frequency
factor fvdetermined from averaging over the calculated values in Table VII,
- The average of log f was found to be 18.84 4 0.15, That is, the geomeiric
mean of £ is 791018‘se¢o’10 = |

 One body models of-alpha'decay'(virtual level theory) yiela frequency
factors of magnitude.f :IVi/2R58 or f = v3/8°%, where vy is the velocity of
the éipha'péfticle-inside the nucieus and R is the nuclear radius, fhe
potential for an»alpha'particle within the nuqleus is often assumEd to be

| zerog giving.fbr eiample, for Po?14 with R - 8,67+10713 cm, and E, = 7.83

Mev, corresponding to v = 1.94 o 109 cm. Sec'l, a value of

P . 1.04 0 1097 2,2 ¢ 10?71 sec™l ' (547)
© 8467 - 10713

This frequency factor is not constant for all the alpha emitters compared
but varies directly as the square root of the decay energy ‘and inversely

as the nuclear radius,
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Preston .’ and Kaplan,32 by considering the alpha particlé within the
micleus to be invits lowest square well level, 1S, derive a frequency
factor nearly independent of decay energy, butvinversely propoftional to
R, The energy of the alpha particle within the nucleus is taken3?
approximately to be _ ‘
B = h?/8MRR, or about O,Si.Mevﬁfor heavy element alpha emitters,
Then for a muclear radius of R = 9,10713 cm the frequency factor
£ = vg/2R % 2,7 o 1020 sec™l | (5.8)

At fhe other extreme Bethe!s many body deel51

a§sumes a frequengy
factor of

| £ = 1015 sec™l C ' (5.9)
by analogvaith'neutron emissicn by excited nuclei,

Cohen33 suggests correcting Bethe's estimate to take into account
thévfact that level widths (emission rate constant time§ H) are generally
proportional to the average.lével spacing, >Since level spacing in the
region of the neutron resonances is on the order of 10 ev and the level
spacing near the ground states of heavy nuclel is on the order of 100 kev,.
this correctlcn multlplles BetheVs frequency factor by 10% giving '

£ 2 1019 sec™l (5.10)

Fluegge,éo for reasons not given, estimates

£ = 1017 seca » ‘ (5.11):

It is réther interestingiﬁhat'nuclear frequency factors of the same
order of ﬁagnitude can be derived in a totally different manner. Bohr and
Wheeler®l estimate the lowest mode (h = 2) of'capillary oscillation in
~ the liquid drop model of the U238 nucleus to have a frequency factor equal

to about 2-1020 sec™l, This frequency factor might have physical significance
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to the aipha decay process, if éne takeé into account'the féct that alpha
emission is probably favored by the minimum 5arrier during the times of
maximum excursions of the nuclear surface from the éenter during capillary
‘oscillations,

Alsoy, if one considers the finitevcompressibility‘Of nuc¢lear matter,
one can envision a_freqﬁency factor deterﬁined by the zero point vibration
of é;mﬁfeésion wave modes within the nuéiéar matter. An estimate of the

frequency factor might be obtained by dividing the velocity of sound within

nuclearvmatter,-vsg by the nuclear diameter, -

f=vg/2R (5.12)
Rosenf’eld62 estimates E

62 ¥ 8,1 « 1073 : (5.13)
where C = vg/c and ¢ is the velocity of 1ight o |
Therefore vy ® 3,1010 (00081)1/2'5 2.7 +107 cm seé”l
hencey, taking R = 9,10"13 Clle s | }

| £ = 1.5 ° 10°% sec”l | ' .(5.,14)
Thefe is thus a large choice of ffeéuency factors, ranging between
101 sec™ and 1015 sec”l,
For a gimple harmonic oscillator thé relétion
| hy=D . , (5015)
holds,; whereV is the frequeﬁcy of the oscillator and D is the level spacing,
By analogy a nuclear frequency factor for alpha emission might be
f-2Y=20/h =D/mK ) i - (5.16)
: Taking'Cohen;s33 estimate, D % 100 kev, deduced from alpha fihé structure
separations, the frequency factor becomes |

£ = 4.8 o 1019 gec™t : (5,17)
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Now_gertainlyvthe nucleus is not a simple harmonic oscillator, but as Feshbach,
Peaslee, and Weisskopf63(designated FPW hereafter) point out, the nucleus
at a given excitation may be considered an Qgcillator with much less confine=
‘ment of the wave function than in fhe singlé particle model, Thus, the
" expression of Eq. (5.16) méy be of real significance in the interpretation
of the alpha decay process with a many body model. The remarkable conpection
between avefage level spacing and neutron emission probabilities, as discussed.
by FPW and Wigner_,()4 leads one to feel that a similar connection probably
holds in the alpha‘emission process, |
" D. Quantitatiﬁe Formulation of a New Many Body Alpha Decay Forﬁula

Sinceithe FPW treatment of meutron emission probabilities yields.
expressions. in éuch remarkable general agreemeht with experimental data,
it would appear worthwhile to attempt an analogous'treatment of the alpha
) decéy process to ébtain a decay rate expreséion with real physical significance,
The FPW treatment derives an approximate expression for the logarithmic
’derivative of the compound nucleus wave function with respect to codrdinates
.of the emitted particle, fhe derivative being evaluated at the nuclear
‘radius. This expression is,equated to the logarithmic derivative of the
external outgoing wave function of the emitted particle, also evaluated at
the nuclear.rédius. The complex energy eigenvélue substitution gives
two equations, one for the real and one for the imaginary parts, From
the latfe;}?Zrtial level width for emission of the particle is derived. .

In the @&rivation to follow there is no attempt to provide a rigorous
. Jjustification of the procedure. The deﬁailed justification can be found
in FPW;'here_their arguments are repeated only where modifications have

been introduced for the alpha decay treatment.



«60=

For the external wave function of the alpha particlenin a pure coulombic
field we make use of the "steepest descents" approximaiion of Preston3l for
the logarithmic derivative of the outgoing coulomb wave function.

1, The case of S=wave emission’

8, The Internal Solution

We define S(W), the logarithmic derivative of the total nuclear wave

function by the expression

s = [y Eff@]ha G

where W is the total energy of the system,

lpkrlooorA) is the total wave function of]the'systém,-
rioao.arA are the coordinates of tﬁé'nucleons;
r is the distance of the alpha cluster of;two protoﬁs and two neutrons from
the center of the residual nucleus and “d is the nuclear radius, By‘consid°

erations analogous to those in FPW65 it c;n be shown that

s(w)z[?la aﬁ']ﬁ N | , . (5.19)

where ¢%r) is the radial part of the alpha particle wave function. That

expression (5.19) is valid follows from the fact that when the alpha cluster
is formed and is at the muclear radius with the proper energy for emission
the total nuclear wave function is inétantaneously just the prdduct;

) [Wo (A 2) P () X (tior .. om0
where]pb is the total wave function of the daughter nuc’ide ami)(the
1nternal wave function of the alpha particle. Substltuulon of (5.20) into
(5.18) gives (5.19)., The probability“onéfaésuming the configuration
(5,20) may be very small, but the‘protability divides out in evaluating

S(W). Hence, this treatment automatically eliminates the need to estimate

explicitly the "probability cf formation" of the alpha particle.
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'QTis not a real stationary state, since the state decays in time by
alpha emission, This transient behavior can be expressed by giving the

-energy eigenvalue an imaginary component,.

W= WS - i 'F (5021)
. N '5’ R

where Wg and [are real,l?'being the level width of the state and equal
t o-kY. Then, in the time dependence factor of NP12
WE e AR KL
We follow the same reasoning as FPW and write |

S(W) = £(4) = =K tan Z(W) (5.23)
a’ . .

vhere K is the wave number of the alpha pérticle within the nucleus
land Z(W) is some monotonically increasing function of W. Here there is
a difference from the neutron resonance formulation of FPW, Namely,
alpha emission resonance levels occurs for a nucleus with infinite
outside potential, at real energies W,, for which Z(Wf) = (n + 1/2);7,
with n an integer, not at Z':yzfras for neutron resonances, for Si(W)

must be infinite at the hypothetical alpha resonepces and zero at the

neutron resonances considered by FPW. Thus; we define y(W)

y(0) = Z(W) - AT/2 : (5.24)
8; (W) = =K tan (72 + y(W)) . (5.25)
= +XK cot y(W)

and y(Wr) = nar
W, the energy eigenvalue of the nucleus, may be written
W=Wr+AE =31[/2, ' (5.26)
with Wr the resonance energy for the nucleus with infinite outside

-potential and AE - i['/2 the energy shift caused by considering the actual
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coulombic barrier effecto Both the real and imaginary components of this
shift will be expected to be small compared to the energy spacing between
resonance levels, so that we may estimate S;(W) as FPW do‘by making Taylor-
Laurent expansion at the resonance level, W., of intereei;and taking only
the first two terms, For the alpha case here S;(Wr) is a singular point

and the exPansion cannot be made° Therefore, 1t is necessary to match the
reclprOealsg l/Sl(W) . 1/S0{(W) at the nuclear radlusﬁ Wr is a regular

p01nt of the analytlc functlon l/Si(W) and can be expanded as

l/Sl(W) = 1/Si(Wr + AE = 1 /2) z_l/S;(Wr + QAE - i[/2) Q 1/sl(y))w Wy (5.27)

dw:

1/S81(W) = 1/K cot y(W) = (1/K) tan y(W) (5.28)

(a/dW) (1/S8(W)) = (1/K)sec? y(w . dy/aw ' (5.29)

Therefore l/Sl(W) 1 tan y(W,) + (aE - L) sec? y (W, )(_X) (5.30)
X 2 dw'W = Wy,

ey e

but y(W.) = nar

so tan y(Wp) =

.seczy(wr) =1 ' | , (5.31)

We define D¥ analegoﬁsly to FPW by the expression | |

dy/dw = d=/aW = 4r/D% | \ : : (5.32)

It is to be expected that D¥ will,be of_the.same order of magnitude
as D, the level spaeinég an expectation which is weil borne out by
experimental data on neutron resonances,

Then we have the final expfession

Wsil,_,  =/meE - w2)(Z) (5.33)
b. The external solution. |

For the external solution t¢ be joined we need the coulomb wave

function repfesenting the outgoing wave,
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The external radial wave function X = ¢must satisfy the Schrodinger

equation belows

a2x mE ='27¢2,20] X = O - | (5.34)
dr2+ RE 'ﬁz r ] ' .
a*x/ar® + (kR - %mg ,a/r) X = 0 (5.35)

where k is the wave number at infinity,

B is the barrier height and a is the nuclear radiuse

-Making the substitutions x = kr
ﬁAz omBa ~ we have | (5,36)
2k, |
42X | - § - : :
+ (1-B/xX =0 - (5.37)

Preston3t has obtained an approximate solution for the outgoing
wave function by using the method of steepest descents to approximate
the contour integral 'eXpression66_ for one of the solutions to the confluent

hypergeométric equation

dR : . ' ’
'd—xﬁl + (1 - B/x)y =0 (5.38)
. ™ Q o0 . .,-L"P
W - %"'— Ax j _ 24xY % -t gt y
Vo= e e J (I-F7)7 e (5.39)
¢ |
We use for the logarithmic derivative the expression67 derived by Preston
| (5.40)

/ . _~2W
= J;—‘I—Xi”] = — Kiteno 1-z4ie” ")
So (W) [X(o) dr lrea — | + fae2
where k is the wave number at infinity

)
£ emet
arc eos(E/B )1/2

k

a
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w = ar%Ecg§1§E21B21/2 - (1 - E/B)1/2_* o '
: -dW 4w -2
-_'_ - | +24 ) — 1 rdl-ge . e 55.41)
) ia Cotol(———-—-z—l —fieT = Aco’(’ Iie “+llf1‘:e'

Neglecting e"4wwith respect to 1, since it is of order 10740

we obtain

1 ] -~ o |
D T S ‘ s =20} _
[ZSO(M P Sk (1 + 1e7%) (5.42)
C. Final solution for AE and [, ' -
Equating now the reciprocals of the logarithmic derivatives
at the nmuclear radius we have ' . =2W

Cae B = - gets (A

Equating the real and .:'uhaginary pafts we have

C/No ) cot @ L (5u)
and | -
r = IIE 2‘3‘* (co‘t 0%”20) _ (5445)
or Y»i 4%?% (cot a)e""zuu o (5.46)

If we let U be the.potential energy of the alpha particle just

1n31de the nuclear radius we can write K = [:2 M(E=U) ]l/z/-ﬁ

- @)Y/ » :
cot a = ¢ ot arc cos(E/B)l/2 = E]/(B.-Enl/»?
so Y= [,E_;E:ug]l/z ﬂ%_%je (E,:.. )1/2 o2 W

’

* Note that Wis the same as Bethe'568 C = gY&from the WKB approx., as

used in Table VII calculations.
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=22 ° |

Equétion (5.44) for AE'isiof-no particular interest, It:merely,
indicates that the resoﬁance eﬂergy is lower for the finite repulsive
potential than forrthe infinite potential outside the nucleus., This is
as one should expect,; the Qave function that'is the_less confined

.corresponding to the lower energy eigenvalue,

The formula for ¥can be used if values for U and D* are estimated,
Tﬁere is no easy way tb determine U, One might think of U as roughly
the difference between the potentlal experlenced by nucleons in the
nucleus and the potential experlenced by mucleons in an alpha partlcleo
The former potential has been estimated from the nuclear model of a
Adegenerate Fermi gas asvapprox1mately the sum of the Ferml energy and the
nucleon binding energy or ~28 Mev, The potential of nucleons in an alp@g
parficle'might be of‘the same.order of magnitude or a little less, Thus
we would estimate U as zero potential (referred to zero potential ét

infinity), as Biswas and Patro and PY5? have, in effect, done.,

% Equation (5.47) can be easily extehded to include emission by even-
even nuclei of alpha particles with angular momentum (# > 0)., The
31

derivation, not givén here, is straightforward and makes use of Preston's
equation B,3 for the logarithmic derivative of the coulomb wave functions
w‘ith} >0, We hax}es | o

H = ['BE g ] O,Q . (5.472)
where Q2 is a function of tan a and Ro Qy = 1. Qg is always less
 than one and cecreases with increaéing_f, Preston gives explicit expressions

for Q15 Qps Q35 and Qo
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‘D¥* should be comparable to Dy the'averagé level spacihg for th?_, : _
alpha emitting nucleus of levels capable of ‘emitting S wave alpha particles
to givé the same residual nuclide as the alpha trénsition being considered;-
that is, D should‘beiﬁhe level spacing between nuclear states df I-0,
eveno. On the case of.orainary.alpha emission from unexcited nuclei D
would be just the excitation enérgy of the first I = O, even, excited state.
Now, alpha emission from low lying excited'states of nuclei is experimentally
genefally unobservable due to the rapid competing transitions by gamma
emission, Howe§er, the spacing between alpha fine étructure grbups of the
alpha decay parent of the élphé emitter under consideration should give
information concerning D. In determining avefagé level spacing from alpha
fine structure one should admit oniy groups of S=wave alpha parﬁicles; those |
giving rise to alpha decay daughter states with zero total angular momentum
(”spin?) and evén parity, like the ground states of the even—even nuclei,
Unfortunatélyg little is now known of the spectroscopic éssignments of.the
nuclear excited stafesvfollowing alpha emissioﬁ in the even=even alpha

emitters, Beling, Feld, and Halpern6

9 by a study of the alpha=gamma angular
correlation in decay of Th228 find evidence that the shorter range alpha
particle emission gives rise to an intermediate state of total angular

momentum 2, In fact,; for any even-even fine structure group for which a

single gamma emission to the ground state is observed it can be stated that

the alpha group going to the excited state is not S wave, for the O > 0
single gamma trensition is strictly forbidden. Thus, we know that most of
. the excited states arising from alpha decay fine structure of even=even

type alpha emitters do not have I = O; even parity., Whether any of the

excited states now known have I - O, even, is an unanswered question, as yet,
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The fact that élpha decay groups leading to spin zero levels are not
observed allows a rough lower limit of 300 kev to be set on the energies
of first excited spin zero,ﬁéVenvparity steates of even-even alpha emitters.

Let us apply the new decay formula (5.47) to the alpha decay calculations
of Table VII, based on Jungermann's radius value for Th232, In the last ‘
two columns of Table VII the energy dependent part in the coeefficient of
decay formula (5.,47) is divided out of f, The last column should be
proportional only te D¥, ' The avérage of log &,in the last column for the
23 alpha emitters with N > 126 is 19.10 + O.14, corresponding to a value
for D¥ of 13.1 kevg'where=we define &>by the equation

b= ;f,—,?f _' (5.48)

The average D¥ of 13,1 kev:is much smaller than the experimental
Jower limit of about 300 kev, Invagfeement with the expérimental limit is
the 400 kev value of D*’correSpondipg to the higher frequency factor of
Preston's one=body formulao- .

Thus, the‘new decay formula (a2 many-body treatment) favors the one=body
decay expressions over the older many body expressions. The disagreemént
with the correlation here based én the Jungermann radius may mean the new
decay formula is not épplicable,* or more likely it may mean the effective
nuclear radiﬁs for the low enérgy alpha particles of alpha decay is less

by around 6% than the radius for the‘alpha particles. of about the energy

* The disagreement between-D* and D'may be fundamental; indicating that
the function y(W) defined in equation (5.24), although necessarily a
monotonically increasing functién of W, increases much more rapidly in the
energy region near the ground state than its.average increase between the
ground state and the first excited state with I = O, even., Equation (5,47)
is'formélly correct, but its usefulness rests on the knowledge or assumption

of a value for D¥* or a relation between D and D¥*,
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of the top of the potential barrier. The muclear radius effective for
these higher enerpgy alpha particles is measured by the excitation function.
The radius difference is certainly not unreasonable, for nuclear forces
are not of infinitely short range as in the idealized square well potential
assumed for the calculations.. |

It is not yet possible to judge which of the several alpha decay
expressions in the literature mdst nearly represent the physical truth,
but it is to be hoped that further information on spins and parities of
excited states of alpha emitters will afford a real opportunity to deter-
mine what, if any, relationship there is between alpha decay‘rate and
level spacings., Perhaps, through this new avemue of approach the true
nature of alpha decéy can more full# be understood.

Since the "probability of formation" of the alpha particle does not
enter into the FPW type forﬁulation,.qhe might hope to extend this type
of treatment to the odd nucleon number ﬁuclides with their irregularly
hindered alpha decay. Roughly, one might associate the hindrance in odd.
nucleon types with the greater density of levels, or smaller level spacing,
A quantitative formulation will prébably be qﬁite involved, in general,
for nuclides with I £ O, At present not enough spéctroscopic state
assignments of excited levels have.been made to provide a test of such
a theory. Its formulation will not be attempted here. |

Other many body processes maj also eventually find useful expression
by FFW type treatments giving decay rates proportional to level spacings.
In particular, the spontaneous fission process and alpha emission by
excited nuclear states formed by thermal neutron capture might find
.better expression by such treatment than by the simple liquid drop or

the simple cne body formulations.
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APPENDIX T,
- Methods of Investigation of Properties of Alpha Active Nuclides

1. Alpha Particle Energy=--Alpha particlé energies were obtained by

measﬁring the amount of ionization produced in an ionization chamber filled
with purified argon., Pulse height measurements were made by using the
48=channel differential pulse.height_analyzer described by Ghiorso. et g;.15
The pulse height of the unknown.alpha activity was measured, and alphs
activity standards of known alpha energy were also measured for comparison,
The unknown alpha energy Qas determined by 1inearvinterpolatibn or extra=
poiation from the standards, The linear dependence of total ioAizatioh in
'pure argon gas on'alpha particle energy over a wide range of energy has
been shown by Jesse, Forstat, and Sadauskisn7o

Figure 12 illustrates the use of the pulse generator comparison
technique for determination of alpha energies., The pulse heights of unknown
and energy standard alpha emitters were matched with the output of a pulse
generator and the output potentiometer setting on the pulse generator
recorded for each., The height of pulses from the generator was known to
be exactly proportional to the potentiometer setting, The plot of poténtio-
meter readings against alpha particle energies was made using the values
from the alpha energy standards, and a straight line through these points
.and the origin was drawn. The unknown alpha particle energies éould be
read opposite their potentiometer settings from the straight line plot.

For obtaining the best possible alpha energy measuranenfs thin,
uniform samples were often prepared by vaporization in vaéuo of the alpha

active material from a tungsten filament at white heat to a nearby platinum

plate,
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2, Half-life of Activity°°Half;life ﬁéasurements were usually made

by ‘the conventional method of plotting the logarithm of the counting rate
against time, with the half=life being determined from the slope of the
straight line plot, after subtraction of cbntributions from other activities
and from general ba_ckgroundo This method was uséd in this work for the
determinétion of ‘half=lives ranging from 4 minutes to 24 days. The method
is of course; not appliéable fof the determinatibﬁ of extremely long half-
1ives,A_The best determinations of half-=lives 6fialpha activities, where
more than one activity waé'present in a sample; were made by plotting on
the decay curve the integrated counting rates as determined from the total
cqunts'in a peak onvthe pulse analysis curves,- Thus, with a complete or
partial resolution of one1activity from the others in thé same sample,'léss
uncertainty waé introduéed into  the half=life detqrmination by the sub=
traction of background activities,

In the work réported here it is not possible to rule out from experi-
mental evidence alone the possibility that some of the activities are of
the delayed alpha emitter type, examples of which are the fﬁmiliar beta

emitter Li8 s N12 20
71

and the positron emitters B8 , and Na““, discovered by

‘Alvarez, Theoretical considerations concerning alpha decay rates as a
function of decay energy make it highly unlikely that any of the medium
heaéy element alpha emitters to be reported in this.paper'are of the
delayed alpha emitter tjpe° The observed half-lives in decay of these
activities are thus‘presumed to be the trué half=lives of the alpha active

nuclides and not thosé_of parent activities,

3. vAtomic Number of Alpha Active Nuclide.=-The determinations of

atomic number were made by chemical means in the case of all activities
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where chemical separations.couid be made in a length of time comparable to ,
the half-lives, For activities with half=lives too short to pérmit chemical
element assignments it was necessary to resort to the physical arguments
already .given concerning the appearance or nonappearance of_the activity in
bombardments of differénf target materials,

Element assignments by chemical means were accomplished by making
chemical separétions on the boﬁbarded material and observing in which chemical
fractionvthe'activity of interest appeared., By making adequate chemical
separations ﬁhe activity could be assigned to a single chemical element.

It should be mentioned that such chémical assignments of atomic number
do not necessarily determine the atomic number of the alpha active nuclide,
The possibility always exists as mentioned in Appendix I.2 that the activity
of interest is a short=lived activity in equilibrium with a longer-lived
parent activity. In this case the activity of interest would appear in the
chemical fraction of the iongerﬂlived parent. Again it can only be said
that theoretical alpha deéay.halfalife considerations make it unlikely
that such ﬁe tﬁe situation with any of the alpha emitters to be reported in
this paper,.

The rare earth elementé (lanthanum through lutetium) present a special
problem in chemical separation from one another, sincé.they are very éimilar
.in chemical behaﬁior@

The necessity of using thin sampleé for alpha counting and alpha
energy measurement places a restriction on the amount of carrier material
which may'be added for the purpose of faéilitatingvradiochemical separa-=
tions, . The cation exchange resin column separations to be mentioned

below easily meet these requiremsnts since no added carrier is required,
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The separation of the in&ividgal rare earth elements in smallwamounts.
in the work re@brted here was usually made by elution from cation exchange
resin columns, Dowex=50 resin72 (spherical fines) in the amménium form
vas used exclﬁsively in the éolumnso The eiuting'solutions of citric'aéida
ammonium citrate were always.0025‘g in total citrate with 1 g/1. phienol
sdded to prevent the growth of mold, Most of the separations were made in
2 jacketed column maintained at 78° G, 83°C, or 87° C. The apparatus
and techniqﬁes employed in the column separations at elevated temperatures
have been described in detail‘in a recent ar’ciclea14 Vhere speed in
separatidn was unnécessary9 the elutions were sometimes made at room temp=
erature at a slower flow rate as described by Wilkinson and Hicks, 73

Before several column separations small amoﬁnts of various rare esrth
elements were added; in order that positive chemical identification of
elution peaks couid,later be made by spectrographic analysis,.
| Europium and gadolinium aré not satisfactorily separated from one
another by the cation exchangé separations of the type described above.

A sodium amalgam reduction procedure was employed as a means of effecting
their separationov The zinc amalgam procedure described by Wilkinson and *
-Hicks73 for eurOpium'reduction was found to give extremely low yields

unless europium carrier materiai was added in amounts too large for good .
alpha coﬁnting° However, the sodium amalgam procedure described here was
found to give a géod yield of carrier free europium activity. The.reduction
potentiallis sufficient to reduce samarium into the amalgem phase in low
yield, and thus cannot be used effectively as the basis of a separation of
europium from samarium, This procedure iS'essentially that ﬁsed by Newton
and Béllou fof separation of samarium and europium fission products from

other rare earthso74
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Amalgam Procedure: Dissolve the europium oxide or hydroxide (not
more. than 10 mgm) in a minimum of hydrochloric acid, Dilute the solution
to 15 ml with water, and add ten arops of glacial acetic acid, To the
solution in a separatory funnel add 4 ml of 0,5 percent sodium amalgam,
Shake for five secénds and transfer.the amalgam layer to a secon& separatory
funnel containing 30 ml of water, Again shake and transfer.to a third
funnel containing 30 ml of water, Finally, shake and transfer to a fourth
funnei containing 20 m1 2 N HC1, After the evolution of hydrogen has ceased,
the europium fraction can be recovered by hydroxide precipitation of the
aqueous phase in the fourth funnel, whilé the gadolinium can be recovered
from the aqueoug phase in the first funneia

The radioasctive mercury fraction was separated from the bombarded gold
leaf by volatiliiationo Within a special steel chamber the gold was heated
strongly under a platinum plate, which was cooled om the back by circulating
.water, The mercury condensed on the platinum plate,

A gold fraction was isolated from the gold or platinum targets by
digsolving these metal targets in hot, concentrated aqua regié, diluting
the solutions to about 6 N in acid and extracfing‘the gold chloride into’
'ethyl acetate, which was then washed once or twice with 2 X HCI, The.
goid was recovered.by evaporating the ethyl acetate solﬁtion on a platinum
plate,

4o Mass Number==Determinations of mass number of the alpha active
nuclides studied in this investigation were made by two methodss (a)
Deduction-from’production yields of activity as a function of energy of
bombardment (éxci%ation functions), and (b) mass spectrographic isotope

separation with detection of alpha activity by nmuclear emulsion transfer
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platee57v A third method of mass assigrment, the deduction from observation
of déughter activities of known mass number, did not facilitate any méss
. assignments of the alpha activities reported here,

For.the alpha active isotopes within a few mass numbefs of the naturally
occurring isotopes the first method proved most convenient.

Alpha particle bombardmént excitation functions were determined by
-60“inch_cyclotr0n>boﬁbardments using a "stacked foil" +technique, A series
of 0.00025 inch platinum- envelopes, each containing 0.1 mgm of samarium
" oxide were.bombardedg.one behind the other in the special waﬁer cooled
interceptor reférred to in section IT.A, The alpha particle‘energy bom=
barding each oxide sample was calculated from the initial enefgy and the
thickness of absorbing material before the sample, The nuclear reaction
by which a given activity is formed can often bé determined by estimation
of the eﬁergetic_thfesholdo The Gdl48 massvassignment was made in this
marmer.(cf0 Section III Bl), | |

For igsotopes many mass numbers away from beta stability, mass assign-
ments cannct usually be made with certainty on the basis of excitation -
functions aloné, although mass number limits can be set, |

A mass\spectrographic technique was used for the mass assignment of
the Tb147 alpha activity, This technique is described in the report2? by
the author in collaboration with Reynolds and Thompson on the mass assign=
ment of ‘l;he_'I‘Bu"9 and Sml47 alpha activities. The mass spectrograhic
- technique as applied to Tb149 is limited to activities of at least several

hours half-=life that can be produced in relafively large amounts,

5, Other Mcdes of Decay.=~Since the alpha active nuclides studied

here all lie to the neutron=deficient side of beta stability, it seems
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certain that all (with the exception of Ga150 and possibly Gal4%) will

_ undergo decay by orbital electron cépture, and some of the nuclid es may
exhibit positron emission also., These decay processes give rise to electron
and electromagnetic radiafion, referred'to collectively as beﬁa=gamma
activity,

The beta=-gamma radiations were studied by standard techniques using
argon=filled or xenon=filled Geiger counters, a windowless methane=filled
proportionsl counter, and a small beta ray spec{rometer of low resolution,
Coﬁnﬁing'thfough various absorbers wasvdone to'giVe information on energies

and relative abundances of various components of beta=gamma radiations.
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APPENDIX II
Correction to Alpha Decay Energy from Electron Screenihg o o

Recently Ambrosino and Piatier4o have pointed out thatiit is nqt guipe
corréct to use the observed alpha decay energy-(alpha particle energy plus
recoil energy) in the barrier penetration expressions relating alpha
decay energiesbwith decay rates. . The presence of the electron cloud about
the}nuclei undergoing alpha décay necessitates the appliecation of correction
terms, |

Firstly, they reason,’one.should use in decay expressions the eﬁergy
release of the nuclear alpha emission process itself, The conservation
of energy demands that the nuclear process must have avdecay energy exceed=
'ing that observed in the laboratory (by alphé.particle energy measuremenfs
or by éalorimetric.measurements) by at least the difference in total binding
energy of the orbital electrons to the parent and to the daughter nuclei,
This correction could be calculated by adding the'term values for all the
orbital electrons in the pr nuclei and taking the difference, or it
could be estimeted from the éxpression for total electron binding energy

k/
caleulated from the Fermi°Thomas75 model (W = 20,83 2 /g

ev76). The '
correction amounts to about 40 kev in the case of the uranjum = thoriﬁm
difference, (36 kev by the estimate of Ambrosiho énd Piatier.)

In addition to this correction, Aﬁbrésino and Piatier point out that
a further correction to the'deéay energy must be made by considering the -
amount by which the effective muclear potential barrier for alpha particlés
is lowered by the presence of the c¢loud of negatively charged orbital
electrons, For estimation of this effect they use the Fermi-Thomas model

series approximation77 to the electrostatic potential of a nucleus surrounded
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by its electron cloud and consider the lowering of fhe @otential at the A
miclear radius to-coﬁstitute a second correction to the alpha decay energy
to be added to the first, The magnitudé of this correction is estimated
for'the uranium Q_thorium,difference to be 38 kev, the value of the second
term in the series expansion of the potential energy of a doubly charged
particle in the electrostatic field of a nuclide.

V(r) = wel (14 Bx 4 'jif 3/2 - 2p,5/2 4 00d) o (A2.1)

- (energy units) | |

where x = i/, p= 32/3 hz/ﬁ13/3,ﬁ4/3 me?z1/3,
¥ = 2133 qp4/3 ne3a4/35%/3 W2, ana B o 1,580,
The terms after the second were found to be negligible at the muclear
radivs distance, (The first term is thé uncorrected pure coulombic
miclear potential, The second term 2eBY‘= 97°4Z4/3'kev.)

Wnile the author agreés.that a correction term at least as large as.
the firstomentionedvcorrection must certainly be made, it does npt seem
permissible to add to this the correcfion from fhe second term in the
series'expahsion of Enn, {A2,1)s That the addition of both thése corrections
amounts virtually to corrécting twice for the same effect has been recently
demonstrated in unpublished work of Serber and Snydero78

The duplication of ‘the two corrections is also evideﬁt from Foldy's
special application of a theorem:due to FéynmanOSO

That it would be incorrect to make bo£h corrections can be seen from
the following aféumentsg the energy releaée"of the nuclear process itself
can be calculated by simple consideration of the conservation of energy
as outlined for the first correction. Strictly speaking,vthe difference

in total electron binding energies before and after alpha decay should
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be added to the total energy released in the iaboratory to obtain the energy
rel?ase of the muclear process,: This total energy would comprise the alpha
. particle energy, recoil energy, and any excitation energy of the electron
cloud about the residual nucleus.

'~ The problem of ionization of atoms in alpha decay has been treated
theoretically by Migda1°8lv From his results it seems unlikely that the
average energy of electronic excitation-following alpha decay will be great
enough to affect significantly the alpha decay calculations.

| Now, the qﬁestion is askeds how_mucﬁ is the effective nuclear potential
barrier lowered by the presence of the electron cloud?. dlearly, any charge.
density lying outside the nucleﬁs.cannbt affect the potential barrier»effective
“for the escaping alpha particle except insofar as that .external charge density
might deviate from spherical symmetry and induce a polarization'of the nuclear
charge, Such a polarizatién induced by the electron cloud is certainhy
negligible in this problem, Any electron chafge density lying within the
, nucléar volume would,'oh-the other -hand, lower the nuclear potential barrier
by decreasing the effective muclear charge.  The magnitude of this latter
effect can be estimated for mercury (Z = 80) using the relativistic expression
of Racah82 for the K electron density near the nucleus, The probability
of a K electron being within the nucleus is about 1078, Considering all
the orbital electrons the reduction in nuclear charge will be of the order
of 1077 elecfronic charge, which will lower the barrier:for alpha particles
by'only 0,03 ev, a negligibie'amounto

The second term in equation'(A2¢l).thus-does not represent an estimate

of the barrier lowering due to-electrdnic charge within the nucleus but is
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a constant potential term independent of r, numerically fixed by the-arbitrary
assignment of zero for the electrostatic potential at infinite distance? The
lowering of the potential barrier by electronic charge within the nuéleus

" would be estimated by the Fermi-Thomas model from the series terms following:
the second, a negligible amount at the muclear radius,

It is interesting, though, to note that it is no coincidence thaf.the
second term of equation-(Az,l) is nearly equal to the first correction, This
relation is most readily seen by considering the correction term in the two
extreme cases of qrbital electron interaction in the alpha decay process.

First, if the velqcity of the alpha particle were much less than the
average velocities of the orbital electrons, then presumably the electron
wave functions would smoothly rearrange (adiabatic case) as the alpha particle
was escaping, the electrons of the residual nuclide would be left unexcited,
and thefalpha particle and recoil would carry off the energy of the nuclear
process less the differehce in total electron binding energies as kinetic
energy. Ambrosino and Piatier's first correction would be appropriate.

-On the other hand, if the velocity of the alpha particle.weré nuch
greatef than the average velocities of thé orbital electrons, it would be.
appropriate to use the sudden approximation,vi.e., that the alpha particle
completely escapes before any rearrahgement of electronic wave functions
occurs, In this case the final kinetic energy of the alpha particle and
recoil nuclide would be that of the nuclear process less the difference in
electron binding energies less some amount of electronic excitation energy
of the recoil nuciideo The'decay energy ofAthe nuclear process éould then
be calculated from the observed alpha pafticle energy by noting that the

alpha decay took place within thé electron cloﬁd of the parent nucleus in
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a region at a potential 38 key (for uranium) lower than that in the absenge
of the electron cloud.,. The alpha decay energy of the nuclear process must
than have been just 38 kev greater than the energy of alpha particle plus

- recoil nuclide, A -

.The work required‘to decrease the total binding energy of the elecfrons
-(as considered in the.first corredtion term) is aone by the alpha particle in
moving from the-centér of the electronvcloud to infinity against the attractive
_coulombic forces between, electrons and alpha particle-(as considerea in the
bsecond correction term),

Neither the adiabatic nor the sudden approximation is entirely applicable
to alpha decay, for the average velocities of the more tightly bound electrons
in -a- heavy nucleus afe'greater than the velocity of emission of ﬁﬁe alpha
:panticleo' Since alpha'particle;énergies are generally determined by estimating
tﬁe maximm energy of emission rather than the average, the electronic
wexcitation energy should be of less concern., The correction to be added to
the maximum alpha decay energy observedvshould be very nearly the first
correction, the change in total electrop,binding energy in the alpha decay
Process, | | |

In view of the above considerations, the first of the two corrections
has alone been used for the calculations of alpha decay rate in this paper,
The correction made was:estimated from the total eléctron binding energy
given by the Fermi-Thomas model but with the change that the coefficient
- 15,6 from experimental dat383 rather than the theoretical 20.83 value was
used, The total binding energy is then W = 15,6 Z7/3 kev, The screening
correétion term used is twice the derivative of W with respect to Z evaluated

at Z = 1,



Esc = 72.8 (Z —A1)4/30 ' _ ~ Eqn, (4:6)

Since the time thgt the alpha'decay rate calculgtions of‘Tablgs ITI
and VII were made,; using the energy correction of equation (4.6), there have
come to the author's atfention the calculations by DickinSOQAbf_the potential
at the nucleus due to orbital electrons., It will bé shown below that the
difference in total electron binding energies between a mucleus of charge Z
and one of Z = 2 is very nearly equal to the potential'enérgy due to orbital
electrons of & doubly charged particle at the center of the electron cloud.

Foldy's79 equation (2) states |

Ep(2Z) - EB(Z - 1) = Zf eV(2)daz + I,

222

where I, is the first ioni;afion'potential of the atom of atomic number 2.
:V(Z) is the potential duve to the electrons, considered as a smooth function
of Zo

.EB is the total.electron binding energy. 2 is considered a continuous
variable° | |

From the nonrelativistic Hartree calculations of Dickinscn, Foldy finds
the relation ‘ |

&v - (12/5)27/5 R : - (1 2.2)
wheré R is the Rydberg constant, corresponding to an energy of 13.6 ev,
Making an approximate.relativistic correction in the manmer éuggested by
Dickinson,84 the expression |

eV = (12/5)27/5(1 + 0.006 22/29%)R > (A 2.3)
is obtainea. |
To derivé the desired quantity

Eg(2) - Bp(2Z - 2)
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write from FolquS equation (2) AE = Fg(2) - Eg(Z ~ 2) - I - Ipey

VA o
S| V) an R B (A 204)
. AR

e V«?)Ap e.V@é)aég,

then J‘Z ' E‘Z = 2° - are expanded in a Taylor series about

Z =1 and subtracted to give '

. C 3 |
AE = 2 evﬂ_] - £ [J e\/d] + .., (&2.5)
- _[dzg 2% 221 =5 |3z8 I 2 z2-)

 but differentiation with respect to the upper limit of the definite 1ntegra1

gives dd? ze\/dg = CV(KD

. 3 E _ 60 | |
and d%} £€ Vdg = ﬁ; e V(Z)

(A 2.6)

Substituting (A 2,6) into (& 2.5) 43 V |
éLAE = eV(Z-') + -GL [;g“e (9273=Z-l (A 2.7)

The second term of (A 2.7) is evaluated 'u31ng (A 2.4)

eV(g) = L£]Z %3 miip IR w2
[—5; QV(QJ = ’8 (Z l) +'O-00'q (z Dg

( V) v
Finally, combining (A 2.4), (A 2.7) and (A 2.8), we write (A 2,9)

Ep(z) - Eg(Z = 2) » 2eV(Z = 1) + Iz + Iyoq + 36(z=1) %4 0. oo38(z—1 7/5

Iz and Iz . ; are of the order of 5 ev each. The last two terms in
(A 2,9) for uranium with Z = 92 are equal to 2,4 ev and 2,1 ev, respectively.
Then i:t is proved that for the alpha; screening correction the terms after
the first are negligiblé, being ab;ﬁlt 15 ev as compared to the first term

of 38 kev (for uranium),
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Figure 18 is a-log-log plot which enables one to read the screening
energy correction to be made to tﬁe alpha decay energy of a nuclideﬂof
atomic number Z, The nonrelativistic curve'plots energy values just twice
those in Dicki_nson'ss4 Table II, The upper curve makes the approximate
relativistic correction in the manner suggested by Dickinson, The upper
curve is the best present estimate for the screening correction, These
values of the correcﬁionbare somewhat higher"thén the values from equation
(4.9) used for the calculations of Tables IIT and VII, but the differené;e
is less than the usual experimehtal error in determination of alpha particle

energies,
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Appendix III.

, Table of Y(y) for Alpha Decay Rate Calculations

An exponential factor appears in the alpha particle penetration factor
expressions of Bethe>® (by the WKB method) and Preston3! (derived by a
method of steepest descents), This exponential factor is, in the nbdtation

of Bethe,56 C ' = | -

P = e"2g Y (X) t : . (A 301)
where
2o11/2
g = (4MZe“R)™ </ , independent of decay energy, (A 3.2)
Y(x) = are cos x1/2 _ (1 = x)1/2 (& 3,3)
1;2 ' . '
x . _
x = E/B ' : (A 3.4)
E = Total muclear alpha decay energy
B = The "potential barrier height" — 2Ze?
. | R
M= Reduéed‘mass of alpha particle
R = Effective mnuclear penetration radius
e = The electrostatic unit charge

" Bethe preseﬁts a graph of the function Y/x) vs. x. For precise
alpha decay calculatioﬁs'it is desirable to have a table of this function
giving Y to greater accuracy than itvcan be read from the graph., Hence,
the following table was prepared? |

A change of variable has been made to facilitate calculation, If the
substitution - _
| x=1- | (& 3.5)

is made in (A 3.3), the following expression is obtaineds



Y(y) = ?ic-fig)%/z‘., y - _ o (A.3’6)

For the compilatioﬁ of the table values of arc sin y were tgken f}gm

-the Table of arc sin x of'the_New Xork WPASs,and values of (1~ y2)1/2 were

taken (aslPll(x)) from the Tables of Legendre Associated Functions of
Nbrsi°86 |
Y(y) is given to five decimal places for the range in y of 0,750

{,001) 0.946, and values of the first difference are also tabulated.
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TABLE OF Y(y)

y=Y1-=x

where x = E/B

y Y(y) s, y Y(y) d;
00750 0053215 0.00 O 00790 0069556 o. 480
1 0.53565 3% 1 0.70036 00
2 0.53917 355 2 0.70521 488
3 0.54272 357 3 0.71009 493
4 0.54629 361 A 0.71502 49
5 0,54990 363 5 0.71999 501
6 0.55353 366 6 0.72500 06
7 0.55719" 368 7 0.73006 510
8 0.56087 372 8 0.73516 514,
9 0.56459 374 _ 9 0.74030 519
0,760 0.56833 379 0,800 0. 74549 524,
' 1 0.57210 380 1 0.75073 528 .
2 0.57590 383 2 0.75601 533
3 0.57973 386 3 0.76134 537
4 0.58359 389 4 0.76671 543
6 0,59140 396 6 0,77761 552
7 0.59536 308 7 0.78313 557
8 0.59934 401 -8 0,78870 563
-9 0.60335 405 9 C. 79433 567
0.770 0.60740 408 0.810 0,.80000 572
1 0,61148 i1 1 0.80572 578
2 0,61559 414 2 0.81150 584,
3 0.61973 /18 3 0.81734 588
4 . 0.62391 421 4 0.,82322 59/,
5 0.62812 424 5 0.82916 600
6 -0,63236 428 6 0.83516 - 605
7 . 0,63664 431 7 0.84121 611
8 0.64095 i35 8 0.84732 617
9 0064530 438 : 9 0.85349 6?3‘
0,780 0.64968 e 0.820 0.85972 629
1 0,65410 b 1 0.86601 635 -
2 0.65856 149 2 0.87236 640
3 0.66305 453 3 0.87876 647
4 0.66758 457 4 0.88523 654
5 0,67215 460 5 0.89177 660
6 0.67675 465 6 0.89837 - 666
7 0,68140 468 7 0.90503 673
8 0.68608 472 8 0.91176 679
9 0,69080 46 9 0.91855

687 .



Y(y)
Y(y)
‘ 870 1.27014 0,01084
0,830 0.92542 0000693 0 : _»71 _ . 1,28008 098
1 0.93235 . 700 g - 1.29196 112
2 0.93935 707 3 ~.1,30308 129
3 0,94642 715 %4 © 1,31435 140 .
4 0.95357 . 722 5 " 1.32575 156
5 0.96079 729 6 1.33731 - 171
6 0,96808 737 7 1.34902 - 187
7 0.97545 Vids -8 - '1.36089 - 202
8 0.98289 753 9 1.37291 219
9 0,99042 760 0 - 1.38510 . 235
0 0.99802 768 1 1.39745 252
1 1.00570 - 776 2 . 1.40997 269
2 1.01346 785 3 1.42266 287
3 1.02131 793 4 1.,43553 - 305
4 1.02924 801 5 1,44858 323
5 1,03725 810 6 1.46181 342
6 1.04535 819 9 1.47523 362
9 1,05354 828 g 1.48885 - 381
8 1,06182 838 9 1.50266 401
9 1.07020 846 0 1.51667. 421
o 1,07866 856 1 -1,53088 443
1 1,08722 865 2 1.54531 4l
2 1,09587 876 3 1.55995 487
3 1.10463 885 4L 1.57482 508
4 1.11348 895 5 - 1.58990 532
5 1.12243 905 6 1.60522 . - 556
6 1.13148 916 9 - 1,62078 580
7 1.14064 927 8 1,63658 604,
8 1,14991 938 9 1.65262 - 631
9 1.15929 948 o 1.66893 656
0 1.16877 959 1 1.68549 683
1 1.17837 971 2 1,70232 711
2 1.18808 983 3 1,71943 - 739
3 1,19791 994 4L 1,73682 767
4 1.20785 0.01007 5 - 1.75449 798
5 1.21792 019 ° 6 177247 828
6 1.22811 031~ 7 1,79075 859
7 - 1,23842 045 8 1,80934 892
8 1,24887 057 9 1.82826 924
9 1.25944 070 o 1.84750 959
0 1,27014 0.01084 E




y " Y(Y) J 1
0.910 1.84750 S
1 1.86709 © - 001339
2 . 1.88703 , 0.02029
4 192799 o
5 1.94903 v
6 1097048 ’ _ 185
7 ‘ 1099233 . 226
-8 2,014—59 ’ 269
9 “2,03728 - 314
0,920 2.,06042 359
1l ‘2'308‘401 ' 407
2 . 2.,10808 455
3T 2013263 son
4 2.15768 e
Y5 21836 - 22
6 2.20937 ' 667
7 2.23604 o
8 - 2,26328 784
9 A . 2029112 ' 846
0.930 2.31958 : 911
3 2.40887 0.03044
4 2.44003 190
6 2.50459 e
7 2.53806° 430
8 2,57236 517
.9 2.60753 - ' . 606
" 0,940 2.64359 701
I o 1 j o 2068060 . 799
3 ) . 2075760 T : 0 04008
4 2.79768 O
5. 28 . %0
e I 359

I
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ALPHA ENERGY VERSUS MASS NUMBER  RELATIONSHIPS OF THE
HEAVY NUGLIDES. FROM. PERLMAN, GHIORSO AND SEABORG 9 '
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_ Fig, 18
The additive correction to the atomic

alpha decay energy to obtain the nuclear
alpha decay energy for decay rate cal-
culations. The correction is in kev vs.
the atomic number minus one for the nucleus

undergoing alpha decay.



