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ALPHA RADIOACTIVITY IN THE 82 "NEUTRON REGION*
J. 0. Rasmussen, Jr., S. G. Thompson and A, Ghiorso
"Department of Chemistry and Radiation Laboratory
- University of California, Berkeley, California

July 1, 1952

- ABSTRACT
In a survey for alpha activity among cyclotron produced neutron de-.
ficient nuclides of the elements below lead, alpha activity was detected

in a number of rare earth nuclides with atomic number greater than 62,

‘that of samarium, and in a gold‘and a mercury nuclide. A detailed study

of the alpha active nuclideé of europium, gadolinium, terbium, and dys-
prosium was made..

The relationship between alpha decay rates and énergies in the rére
earth region is examined. Calculations of the "effective nuclear radius
for alpha_particles" were made using five different alpha decay rate
formulas,

The trends of the rare éarth alpha decay energies are discussed,
particularly with respect to.the discontinuity in neutron binding ener-

gies at the closed shell of 82 neutrons.

#Most of the material in this article is presented in greater detail
in University of California Radiation Laboratory Report UCRL-1473 (1951)
and Ph.D. Dissertation, J. O. Rasmussen, Jr., University of California

(1952)°
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I, . INTRODUCTION

-Radioactive decay by emission of alpha‘particles is a commonly ob-

“served mode of decay in the isotopes, both natural and artifiéial, of
' the elements of atomic number greater than 82, that of lead. However,

'with the lone exception of the alpha emitting isotope of natural samari?

um (2 = 62), discovered by Hevesy and Pahll in 1933, alpha decay in iso-
topes of eiements below bismuth (2 = 83) Had not been reported prior to
1949.2 At various times the problem of alpha stability invthese lighter
elements has been c_onsider_'ed.3 It had been noted fromvobservation of
the general slope of the experimental maés:defect curve that most iso-
topes of mass nuﬁber grea?er than about 150 are energetically unstable
toward alpha decay. The fact that alpha decay had not been.observéd
(excepting in samarium) in.the>néturally occurring‘isétopes of the
medium heavy elementé could be adequately explained by the quantum -
mechanical consideratién of the rate of penetration of the coulombic po-

tential barrier by escaping alpha particles. The decay rate formulas

*Mospvof the material in this értiglé is-présented in greater detail
in Uniﬁersity of California Radiation Laboratory Report UCRI~1473 (1951)
aﬁd Ph.D. Diséertation,‘J.Oo Rasmussen, Jr,, University of California
(1952).
N 5
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developed by Gamowk and by Gufney and Condon® and verified by comparison
with experimeﬁtal alpha deeéy’deta in the:heaﬁy elements showed the al=-
phaAdecay fate to be a ﬁefy'seﬁsitiVe:eXpehehtial function of decay en~
ergy. Thus, the naturally oeeurring_isotopes of medium heavy elements
might be unstabie toward alpha decay by energies up to about 2 Mev and
still have unobservably 1qhg;elpha decay half-lives (greater than
~1016 years). o U

Kohman® has made an ahalysis'of'the”binding energies for alpha
particles'in‘mediﬁm heavy elements, based on the semiempirical mass
equation of Bohr and'Hheeler7 and the experimental mass defect curve.,

On this basis Kohman has predicted for the medium heavy elements that
thoSe'nﬁclidee sufficiently far to the neutron deficient side of the
beta stability region might exhibit observable aipha-ﬁecay,' The mass
defect curve is not well énough known in the regions of interest'to nake
very exact predicﬁiens;: A semiempirieal formula for alpha decay energy
'develoﬁed“by:Feenberg,s'taking~into‘account the finite compressibility
of nuclear matter, leads to the same general conclusions,

Studies? of the“syS£emetiCs of alpha decay energy among the heavy:
elements have sﬁewn'that; in sccordance with thé above mentioned theo-
retical predictions, for a series of isotopes (contant Z) the natural
trend ef alpha decay energy is to increase as the number of neutrons is
decreased, except for a large discontinﬁity at the closed shell of 126
neutrons. UWhile alpha decay energy'generallyjincreases with deereasing
neﬁtron eumber, the enefgy availabie for orbital.electron'ceptﬁre“or
positrohjaecay also genefally inecreases (eside from fiuetuatiens.due to
nuciear shell effecfs) end, coﬁeequently, half-lives for beth modes of
decay decrease. Whether or not by the removal of neutrons in the meaium

heavy elements alpha emission would become an important mode of decay-
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béforé'the half-lives became inconveniently short for detéction had to
be tested by experiments. -

A survey was initiated in wnich~targets'of various mediim heavy
elements were subjected to high energy particle bombardments -and then
examined for alpha radiocactivity.

- In 1949 Thompson and,éoéwofkers2 reported some positive.results of
this survey, the discovery of alpha ‘radiocactivity in neutron deficient
isotopes of gold and mercury and inviSOtopes of the rare earth elements
containing a few more than 82 neutrons.

The present paper is concerned with the detailed study of the alpha
radioactive isotopes. discovered in the survéy, particularly in the heavy
rare earth region., Also, several hitherto unreportéd‘alpha active iso-
topgs in the rare eafth.fegion'are reported.

| It may be worth mentioning at this- point that with similar snort,

survey-type bombardments with 200 Mev protons on tungsten; tantalum, sil-

‘ver, palladium, samarium oxide, and tellurium (Tel?2) oxidel0 it was not

possible with the techniqués employed -here to detect induced alpha radio-
activity other than that ascribablénto heavy element contamination. The

significance of these negative results is only qualitative; faster,"more

'sensitive techniques may evéntuallyvUn00ver‘induced alpha activity in

the'regions where initially negative,results'Were’bbtainedo

II. EXPERIMENTAL RESULTS
For each alpha actiﬁty observed in the medium Heavy elements it
would be desirable to obtain the following information: (1) alpha par-
ticle energy, (2) half-life of activity, (3) atomic number nf‘alpha ac-
tive nuclide (element assignment), .(4) mass number of nuclide, and

(5) other modes of decay, their accompanying radiations, and branching



b= o | UCRL§1875
ratios. between the decay modes of the nuclide.. .The experimental methods
employed forrobtaining such information are discussed in Appendix I.

4 number of the alpha emitting nuciides,discovered among the neu-
tron deficient nuclides of the medium heavy elements have~beeﬁ studied.
individually. Table I lists a number of these alpha emitters with some
of -their properties. The * sign with nuﬁerical,data precedes the esti-
mated limits.oﬁ,error; not the probable error. .Experiﬁental uncertain- -
ties in this work generally arise from so many sources as to rendef sta-
tistical evaluation of probable errof impractical. Figure 1 shows the
section of the isotope chart in which the rare earth alpha emitters are

situated;

A. Europium Isotope (Z = 63)

: In'the_fifst preliminary report? concerning this investigation it
was étated thatvbombafdment of samarium (Z = .62) oxide with 200 Me&,prqr
tons produced no significant amount of alpha,aQtivity,- This and other - .
early proton bombardments of samarium for short periods of time (less
than one hour), .which also gave negétive results, indicated.thatvalpha
decay is not a prominent mode of decay among those neutron deficient iso-
topes of;europium and samarium, whose half-lives are long enough (>3 min-
utes) to have been observed. |

Later it wasbfound possible by longer bombardments.of samarium tar-
gets with protons or deuterons to produce enough of one europium isotope
to observe its alpha decay branching, Following bombardment of separated
isotope 628m147 oxide with 8.5 Mev protons and of natural samarium oxide
with 19 Mev deuterons, there was obéerved a small amount of alpha activi-

ty which decayed with about a three week half-life,
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Ta.ble I Artificial Alpha Activities in Elerents Below lead -
Ele- At.- , " Alpha particle Measured - Branching Partial alvha _
ment No, Mass No, energy {(Mev) . half-_ life Other modes ratio a/ tota,l deca.y hglf-life “Prepared by
. ‘ S -5 3o witiin o470\
Ea 63 147 2.8 £ 0.1 24d+2 .. . K . ~10 ~6x10%y(within = Sm™"/(p,n)8.5 Mev
' R ' factor of 3) Sm147(d 2n)19 Nev
' Sm148(d 3n) 19 Mev
Cd 64 148 3.1+ 0.1 >By Ce- - ~1.4x102y(within Sm147(o; 3n)36 Mev
o : : factor of 3) (p 4n)32 Mev
149 3,0 + 0,15 9dx1 EC ~7x10"0 ~4x103y(within 'Sm147(a,2n)30 Mev
: . fa.c‘box_' of 3) :
150 15 (lomg) e o | 15005 4y10 1
150 2.7 + 0,15 (long) - e = Eu"(d,3n)19 Mev
Tho65 149 3,95 % 0,04 4,1h£0.2 B, prob. o= -  2ul®Y( q,6n)60 Vev
B 3,97 £ 0,02¢ . mo fF : : Gd\p,:m)_32-=200 Mev
65 150 or = 3.4420,1  19hr#1 e Ga(p,x0) 100 Mev
151 - ' ' ' Tul51(a,m)60 Mev
Dy 66 1499<1S3 4,21 + 0,06  7m+2 == s 753595 .5m) 100 Mev
66  149%SASIS3 4,05 £ 0,04  19mx 4 . == - - - T359(p,3m) 100 Mev
T 66 149SA<IS3 . 3,61 % 0,08 2.3 h% 0,2 1 -= -e -= - Tb159( ;) 100 Mev
An 79 I8EALIS? 5,07 £ 0,1 4,3m% 0.2 EC, 7. oK xrays  ~30d(within = Au""/(d,mm)190 Mev
: K ~04 factor of 4)  Pb(p,m)120 Mev
‘Hg 80  A<IS5S 5,60 % 0.1  0,7m 0.2 - e= - - 197'd ,%1)190 Mev

NOTB: No alpha decay fine structure has been detected for ‘a;ny ‘of the alpha emitters
decay energies sre from lon chamber pulse analysis unless otherwise noted,

*Energy determination in magnetic alpha ray spectrograph by Asaro and Rasrmssen, n

listed sbove. Alphe
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Fig. 1

Section of isotope chart showing the rare
earth alpha emitters. Mass numbers of
dysprosium alpha emitters are not known.
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From the decay curve for the total count rate summed over the‘

20 88 Mev peak on, the pulSe analyzer, a value of 26 + 4 days was deduced

for the halfnllfe of the act1v1ty, The 1arge llmlts of error on the
half-llfe determlned from thls curve arlse from the statlstlcal uncer- -
talntles attendlng these determlnatlons of such low countlng rates amithe
fact that decay could only be followed through a decay factor of»three..

"4 general‘study of,the'nentren deficient'enrepinmbisetopes by Hoff,
Rasmussen, and Thompsont< has been recently made by proton and deuteron
bombardments of isotopically enriched samarium oxidelO targets. The
isotope EuM’ was found to decay predominantly by elecpron'eaptnre“with'
a haif—life‘df 24 + 2 daysias~determined frem'Geigericdunter'decay-
curves. ‘None of the other neutron- deficient -europium isotopes with mass
numbers betiween 14/ and‘lSO-have half—liVes*near”24 days. Hence, the
observed.alpha:activityxin europium is’ evidently due to ‘alpha decay -
branching .of Eu147 - Comparable amounts of Eul45 Wu148 and. Eu149 have
not shown detectable alpha activity and are, thus presumed to have par-
tial alpha decay rates less by at least a factor of five than that of |
Euld?. | o , ) _ v .

After these bombardments europlum act1v1t1es were separated from
the samarium target materlal by means of the standard catlen ewchange
column elutlons descrlbed in Appendlx I1.E. The elutlng agent for the
83° ¢ separatlon was pH 3.4 citrate solution. Low energy alpha act1v1ty
was detected, following chemical separation,‘ln ‘the europiun fraction,

as mentioned, Further proof that it is an europium‘isetbpe will be

Energy determinatien'for»fhe europium‘alpha aEtiVity wasvmade_hy
pulse analysisl3 of a_thin vapcriaed Sample;*withsGdl483and:Sm147 serv-

ing as alpha energy standards,. The alpha partlcle energy for the stan=

[ i

dard Sm47 (a unlform, vaporlzed sample of Oak Rldge separated Sml47

oxide)'was taken’as 2.18 Mev from the work of Jesse and Sadauskis, %
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The energy for the standard cal48 is taken as 3 16 Mev, the determination
of which is described in the following section, 11 B By linear inter-
polation between the standards the alpha particle energy of this europi—

um activity is determined to be 2 88 Mev with estimated limits of error

1
&

£0.1 Mev. R

Chemical proof that the 2.88 Mev alpha activity is due to a europi-
un nuclide and notbto a gadolinium'nuclide (which mignt conceivably have
been produced by alpha,particies_in the deuteron or proton beams of. the
60-inch ‘cyclotron) has been—made by subjecting a mixture of a sampie con~
taining 2,88 Mev alpha activity and Gal48 (3.16 Mev)nalphadtracer to a
sodium amalgam reduction separation (Appendix 1.E). Edpha pulse analy-
sis of activity in the reducedlfraction and of activity not reduced
‘showed the predominance of 23884Mev:alpha activity in the reduced frac-
tion (europium).and of 3,16 Mev alpha activity in that not reduced (ga-
dolinium).

‘Determination ‘of the branching ratio between alpha decay and elec-
tron capture in Eul47 is difficult, since the ‘detailed decay scheme for
the electron capture process has not been determined yet and the count—
ing yleld of the GelgercMueller counter is not known° In order to make
a rough estimate of the a/EC branching ratlo in Eu147 the decay of the |
2, day. activity was followed by_counting the same thin vaporized sample
in the alpha pulse analyzer and in a windowless metnane proportional
counter (Nucieometerl5)-operated at 5 kev. The counting‘yieid‘of,the_
Nucleometer for electron capture decay is generally much higher than that
of a conventional Geiger counter since the Nucleometer countspAuger and
conversion electrons of low energies which would be stopped by the win-
dow of a Geiger counter, It was found in thisflaboratory for a few hea-

vy element electron capturing nuclides.whose absolute disintegration
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rates could be calculated by observation of growth of their alpha aCﬁive
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 percent counting yield for the electron
'capturefdecay of Eul47 in the Nucleometer and a coﬁnting yield of 40 per-
cent for the alpha“patrticlés in the alpha pulse analyzer; the branching

" ratio was caleulated to be roughly a/EC % 1 x 105, With this branching
ratio the partial half-life’for alpha décay‘iS'abOutié'x 103. years, The
uncertainty -of this partial: alpha half-life estimate is largely due to
the counting.yield assumption for EGC, but the value is probably reliable

within a factor of -three., -

B. Gadolinium Isotopes (Z = 64) .~

© 1. 3,16 Mev GAl48.——After a bombardment of dysprosium oxide with

200 Mev protons a small amount of a long lived, low energy alpha activi-
ty was found.  Subsequent bombardments shbwéd it to be produced ih much

, largér yield by 38 Mev alpha particle bombardment of natural samarium ox-
ide or, in still greater yield,'of‘samarium'enriChele'in‘Sml47o' Also -
this activity was produced in large yield by 50 Mev proton’bombardment
of -europium oxide and in low yield with 32 Mev protons.

Bombarded material containing-this'activifyIWas'Subjected'to chemi=
cal separation by standard .cation exchange coiumn‘elutions and.by sodi-
um amalgam'reduction,'which procédures are“describéd in &ppendix I.E.

In all these separations. the long lived alpha activity remained with the
gadoliﬁium fraction.

-.; The alpha particle energy of this long lived gadolinium isotope was.
determined to be 3,16 + 0.1 Mev by'pulse.éhalysis-andlcomparison with -

" many‘heavy element alpha emitting standards of known enérgy. The
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conservatively large error limits are given because the alpha énergy
standards were of much higher energy.

"Gounting data of the 3;16 Mev élpha activity over a two year period
established a lower limit of 35 years for the half-liféM

- The determination of mass number of the gadolinium isotope giving

rise to this activity was made on the basis of the expérimentally deter-
mined excitation functions for its production by albha.jérticle‘bombard-
ment of enriched samarium (Sm%7) oxide, and by proton bombardment of
natural europium. The alpha particle excitatioﬁ fﬁnction, shown in
Figure 2, was determined by bombardment in the 60=inch cyclotron and the
proton function by 31 Mev pfoton-bombardment in the linear accéleratoﬁ.
In the transfer of bombarded oxides to platinum plates for counting, the
oxides were dissolvedlin 12 N HCl, precipitated as the hydroxides by
addition of.ammonia gas, washed with water, and slurfiéd pntoﬂp;atinum
plates for counting. The uncertainty in the ordinates of the points in’
Figure é may be about 30 percent arising from uncertainties in~§hemical
yield and self absorption of alpha parficles in the relativeiy thick sam-
ples. | |

-The element assignment of the 3.1lg Mev alpha activity to gadolinium
reduced the mass assignment érobiem to. that of déciding whether the ex-
citation funetion of ‘Figure 2 with reaction~threshold 28-30 Mev: is that
of an a,n, a,2n, a,3n, or a,4n reaction. ‘The-choicé.should be cbnsistent
with thé.observatign in the proton excitation fﬁnctioﬁ of about a 30 Mev
threshold for théﬂﬁﬁ15l(p,xn)Gdl52‘x.reaC£ion°_ Since statistical thédry
predicts, as bombarding energy is increased, a very gradual onset of |
reactions in which several neutrons are evaporated, the actual energetic

thresholds are probably below the estimates from these insensitive ex-

periments., Theoretical estimates of a,xm and p,xn energetic thresholds
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Qére made by calculation from masses in the atomic mass table of Metro-
polis. and Reitwiesner16 (based on a semiempirical mass formula of

Fermi), - Table II lists these values,

Table II

Calculaﬁed Reaction Thresholds from
Fermi Semiempirical Mass Equation

. Threshold
Reaction (Mev)
sml47 (@, 2n)cat4? . 169 .
U (a3mca® T s
(a,40)6a™7 . > 3k0
- . expby.t ~28-30 :
- Eul5l(p,3n)Gdl49 ‘ 17.9 ; .
ﬂ (p,4n)cals® 25.5 !
 (p,5n)Gd147 - 3449
' expt. ~30

The éomparisonAdf the ekﬁeriméntai and theoretical values inf;
Table II indicate a probable mass assignment of the 3,16 Mev alpha’
activit§ to édl48, aithough théipossibility of aﬁ assignment: to cal47 is
not too‘iﬁﬁrobgbie, partidﬁlaQi&then it is realized that the calculated

thresholds would be lowered by a decrease in neutron binding energy that

I might be expected for several ﬁeutrons beyond the closed shell at 82

17Y, The mass assignment to 148 rather than to 147 seems more

(Cf° Harvey
consisteht-with the long half-life (>35 years) ofifﬁis activity, for the

even—odd nuclide Gdl47 shpuldhhéve considerable energy available for

sy TR

&

electron capture débayVQQH;;opg_"éﬁtl§ agmﬁcﬁféhqriergﬁaifvlife than

35 years.
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It is possible to make a very rough estimate:of thé-partialwhalf-“
life for alpha decay of“Gd148-from:the yield:of~3elé Mev alpha activity
produced in the excitationﬂfunctionzbOmbardment'of $m147 with alpha par- .
ticles if.ag approximate:valuéwis:assumed for the a,3n reaction cross
secﬁioﬁ;ﬂ'Frcm the observed yield for 36'Me&valpha particles with a beam
of measured inﬁehéity itfwaéhdeterﬁineé that, ';vf

| =:T1/éa./<f(a;3ﬁ)v§ 104:# lOgl?éars barn~t.
The a,xn cross sectibﬁslin the rare: earth fegidﬁ are not known, If it
is assumed that‘this cross section is about one barn, as”w§s found for
the a,3n reaction on Bi209 at the same‘energj aboveé the a,3n threshold,18
the estimate of the partial alpha decay halleife of Gd148 would'be
1.4 x 10° years., This estimate is probably reliable to a factor of
three. “
* The presence of long lived electron capturing gadolinium isotopes

in the samples containing Gdlés'make it'impossible-at present by simplé o
beta-gamma counting to set a significant lower limit on the branching
ratio between alpha decéy-and electron capture, if electrdn"capture>i3'a '
| mode. of decay. The possibility that Gal48 méy'belstable~with resééct to
electron capture decay can neither be ruled out nor confirmed-by'present

data,

2, 3.0 Mev Gd149,--Following a bombardment of 200 mg of samarium

oxide with 31 Mev-alpha particles a chemical separation by standard cat;"
ion-exchange column elution at room temperature (Appendix I.E) was made.
4 sample plate of the gadolinium and europium chemical fraction was pre-
pared by vaporization. A small amount of 3.16 Mev Gd148 waé-observed in
the sample; in addition there was some activity with alpha energy of

about 3.0 + 0,15 Mev which decayed with a half-life of about a week.
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This 3.0 Mev activity was not;obse:ved'followinguintensive’deuteron
(19 Mev) 5ombardments olf‘Sm2'.03'.,;and‘,.hence,‘ca’h'not‘be-eu:popium° "The
3.0 Mev activity was'assigned:to;Gdl49,.which“has_been studied by Hoff
et g;alz and-found, to decay. mainly by~orbi£al electron capture with a
half-life of 9 + 1 days. The q/EC.branching ratio is7about 7 x 1076
from comparison counting in the .alpha pulse analyzer and the methane
proportional counter (Nucleometer) on the same counting yield assump-
tions as-werefmade for the Ful4’ a/EC estimation (i.e. @, 0.43 EC, 0.3).
This branching ratio figure is probably good to within a factor of three.
This branghing,ratio would correspond to a partial half-iife of about

b x 103 years., . -

3. 2.7 Mev GdlSO,—-It has been suggestéd by Kohmanl? that Gdl5Q

mighﬁ be stable with respect tobelectron capture although it-is. missing
in nature. Thus,.like Sml46, Gdl507might~bé so‘missing because its al-
pha decay half-life is much less than the age of the.elements (L.e.: -
Tl/Z‘S 108 years)., In the hope that the alpha half-life of GAL150 might.
be short enough to detect by eyclotron production an intense irradiation
of Eug0s with 19 Mev deuterons was made, GA120 should have been pro-
ducedlin fair yield by the reaction Eul51(d,3n)Gal50,

Following bombardment the Fup03 target.material was dissoived in
6 N HC1l, the rare earth hydroxides were precipitated with ammonia, and i
after redissolving with a minimum of 6 N HCl a chémical separation of
europium (and partially samarium) from gadolinium was made by the sodi-
um amalgam procedure (Appendix 1.E).

4 thin uniform sample of part of the gadolinium fraction on.a plati-
num plate was prepared by the volatilization technique (Appendix 1.E).

This sample exhibited a minute amount (0.45 alpha disintegrations/minute)

\
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of alpba activity-of 2.7:1;i_4‘a;Og,lfleev.-enexi'gy° The-presence of short range
alpha activity7inftheigadolinium'fraetion‘was‘further-confirmed'by Dun~-
lavey,zo who 1ntroduced some of the gadolinium fraction into the emu181on
of an Ilford c2 photovraphlc plate and allowed it to stand for several _
days before developing. Microscopic examination of the developed plate
revealed a number of alpha partiole»tracks with a mean range .of about A
9.7 microns., This range corresponds to an alphe.particle-energy of
2.7;, Mev on the range-energy curves of Rotblato2l_-_

. The mass assignment of thisvalpha activity to,Gdl5o should be considﬁ;
ered tentative, sinee-the assigmment is based principally on semiempiria
cal considerations of-the,probable expected alpha decay energy for Gdl5o.f¢
Decay measurements over a one year period show the act1v1ty to have a
half-life of greater than two years, ruling out the p0331b111ty that
this activity could arise from 155 day22 Gdl5l

- Sun et al. 23 have reported observing an alpha act1v1ty of 7 0 hour o
half-llfe from a bombardment of Sm203 with 30 Mev alpha partlcles.‘ This'
activity was_as51gned by them to gadolinium, 31nce.1tswas-not producedsby
proton (8 Mev) and deuteron (15 Mev) bombafdments on Sm203o.:They do”mob-
mention_any alpha pafticle_energy measurements nor any-cbemical_separa— .
tions. In apparent contradiction to this it has mot beeﬁ-possible;hered
to detect any rare earth alpha activity of half-life near Seven,hours
following-intense’irradiations of Smp03 with 30 Mev elpha particles; Inf'
nearly all_bombardments here it is observed that some-algha ectimity‘dﬁe
to traces of heavy .element (uranium, thorium, bismuth, or lead):impurities
in the targetvmate:ials,is‘produoedf, It has generally been necessary to
make alpha energy measurements or ohemioal separations or both to'make
sure that obsefved alpha activity was due to. rare earth nuclides'and'not

to heavy element' contaminants., AFor»example,mthe_7:5 hour-alpha emitter
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A2l yould be produced in good yield by 30 Mev alpha particles on an ex- |
tremely small amount .of bismuth impurity by the reaction Bi209(a,2n)At21¥
dn alpha particle energy measuremént on any newly discovered alpha emitt-
er in the rare earth region needs to be made‘'as proof in view of the pro-

bability of héavy element impurities in small amounts.

'C; Terbium Isotopes (Z = 65)

In a preliminafy rep‘ort2 the discovery of rare earth alpha emitters
with alpha particle enefgies of 4.2 and 4.0 Mev and half-lives of ~7 min-
utes and ~4 hours, respectively, was reported and their tentative assign-
ment'to terbium made. Subsequent work provided chemical proof for the
assignment of the latter activity tO»terbium'(3.95 Mev, 4.l hourj. The
seven minute activity, whose half-life is too short for chemical identi-- -
fication of the element, was feaséigned to dysprosium (Z = 66) on the ba--
sis of later bombardment data. Its appearaﬁée in low yield afte}_proton
bombardments of gadolinium oxide in the first experiments was probably\
duQ to_afsmal1 amount of terbium present in the target material. & se~ -
cond alpha emitter in terbium (3.44 Mev, 19 hour) was also observed and

studied.

1.  3.97 Mev Tb49.~--This alpha emitter of 4.l + 0.1 hour half-life

was the first of the artificial rare earth alpha emitters to be observed,
foliowing'a°bomﬁardment of gadolinium oxide withIZOO Mev protons. Subsew
quently, the 4.1 hour alpha activity was also producea by bombardmeﬁt of
terbium oxide with 120 Mev profons, of dysprosium oiide and ytterbium ox~
ide w1th 200 Mev protons, and of europium oxide with alpha particles of
90 Mev, 120 Mev," and (1n ~3 percent of the 90 Mev yield) 60 Mev alpha par-

ticles,. It was produced in very low yield in a bombardment of gadolinium °
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oxide with 31 Mev protons. . i . )

Following a number-of these bombardments chemical sepa:ationsnéf the
rare earth-products:wére made.by‘therstandard'cation"exchange column elﬁr,
tions described in Appendix I.E..“The 4.1 hour alpha activitﬁ.was always
observed exclusively in the terbium chemicalfractions.

" The alpha pafﬁicle,energy was determined by pulse analysis to be
3.95 + 0,04 Mev., A recent energy measurement by Asaro and RasmuSSen,xl
using a magnetic alpha ray spectrograph gave the more accurate result |
3.97 + 0,02 Mev. | |

.The mass numﬁer 1,9 was assigned to this activity oh the basis of a
mass spectrographic determination previously repofted24 by the authors in
collaboration with F..L. Reynolds., -

No positron_activity Wifh:AOl hour half-life. could be observed in -
samples cdntaining TbL¢9, but.it has not been so far possible from direct
counting data to maké a significént estimate on the branching ratié be~
tween 5lpha decay.and electron capture, as there were present in all sam~-
ples of Tpl49 many other isotopes undérgoing decay by electronvcapture'
and positron emissiOn; A lower limit on the alpha decay to electron éép-

ture branching ratio of about one percent.waslpreviously;given,2

2. 3.y, Mev T3l .--High energy (100-200 Mev).proton bombardments

of gadolinium oxide, terbium oxide, and dysprosium oxide, and alpha parti~
cle bombardments of:europium oxideiwére observed to produce some alphgv.
activity of 19 + 1 hour half-life,

Following proton Bombardments of gadolihium oxide and :of dysprosium
oxide, the terbium activities were sepafated‘from the gadolinium target
material by means of the standard cation exchange column elutions des-

cribed in -Appendix. I.E. ‘For the 870 C separations pH.3.4 citrate solution
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was used as %he elutiﬁg agent. This alpha activity'wés found exclusively
in'the'£erbium chemical fractiona. &n average of several pulse analysis
energy measurements gave an‘aipha‘particle energy of 3;44 + 0,1 Mev,

Only a‘tentative mass assignment of the 19 hour activity can be made
at_preéento The alpha pgrticlg excitation work on eﬁropium OXide-ﬁy
Rollier and Rasmussen25 indicated a probable mass assignment -to lSl,_with
150 a possibility.

Theoretical:-half-life-energy relations for alpha decey lead to the
conclusion that the predominant mode of decay of the 19 hour. terbium al-
pha emitter musﬁ'be orbital electron capture or positron emission, The
presence of 17.2 hour Tb154, however,'which decays by électron capture

26 5n all samples of the 19 hour terbium has hith— -

and positron emission,
ertb made impossible.any directvdeﬁermination of the bfanching ratios be-
tween the expected modes of decay of‘the 19 hour tefbium élpha emitter,
although the lower limit a/EC >'4Ax,10*6'(probéb1y much too low) can be

set 25

D, . Dysprosium Isotopes (Z = 66) ..
The three dysprosium alpha emitters listed in TabléfI wére observed
following high energy proton bombérdménts of several rére earth elements
with atomic number greater than 6. .They were also prodﬁced;by 100 Mev

C12

ion bombardments of neodymium (Z = 60) oxide by Nd(C12,xn)Dy.reac%
tionsf -The alpha enefgies and the half-lives of these isotopes were de-
termiﬁed folJowing.bombardﬁénts of terbiﬁm (z = 65) oxideiwith'érotohs of
about 100 Mev energy. . | | ‘ o

With regard to the possible mass assignments of the three dysprosium

activities of 4.27, 4.06, and 3,61 Mev energies, it is to be noted that

all three are produced iﬁ good yield by 100 Mev protoﬁs.pn terbium. The
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A;Oé and 3.67 Mev activities are apparehtly produced iﬁ7extremely low
yield by.70 Mev -protons ‘on terbium. The cross sections for production of
éll threg dysprosium alpha emitters undergo’large increases SOmewherelbe—_
tween 70 and 100 Mev.  An appréximate theoretical calciilation similar to-
that outlined by Fermi?7 of the most probable number of ﬁeutrons to’be
evaporated from the COmpound'nuCIeus'ﬁyléog (Tp59 +;Hl),"eXGited to a
‘maximum of energy by 70 or 100 Mev protons is 6-7 or 9-10, respectively.
The dyébrosium alpha émitters then would most likely be produétsbof

15159 (p, 1) Dy 00X

reactions with 7<x<ll, allowing the limits 153>4>149
to be set on the mass numbers., Further studies of bombardment yields of
these alpha.emitters in the proton energy range between 70 and lgO,Mev,
should enable one to set better limitS‘oh the individual maSS'numberé,

No inférmation concerning other modes of ‘decay, such as eiectron_
capture or positron emission, has been obtained yet for any of the‘three
dysprosium alpha- emitters, |

1, 4;2 Mev Dysprosium.--Bombardments of terbiun oxidé with iOOFMeﬁ

012 23 were

protons and bombardments of neodymium oxide with ~100 Mev .ioné
observed to produce some alpha activity with a sevenvmihUte-half¥life;

A probable element assignment is made by ﬁoting_the~bombardmehté in
which this activity is produced and those ‘in which it is not. Its pro~
~duction by protons on terbiumiand by carbon-ions'on néodymiuﬁ‘(z =‘60) 
restricts the atoﬁic>number‘of the seven minute activityvto 66_op'iesén
Also, its atomic number muét be greater than 65, for_it was not ﬁfoduced
by bombardments of europium oxide with alpha particles at energies,of'éo,ﬁ‘
90, or 120 Mev. Hence, the seven minute activity is attributed to a

dysprosium nuclide (2 = 66).
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”_The seven minute alpha activity is.seen on the first two pulse analy-
sis curves of Figure 3,, From these,curves_the alpha‘particle.energy of
the séven minute activity was determined as 4.21 % OOOé‘Mev° The count-

ing rates of this activity were calculated by the summation of th;rcbunts

under the pulse analysis peak. The half-life ofv7'i 2 minupes‘was deter-:
miﬂed from the slope of the decay curve.. Other half-life déterminations

agree within these limits.

25 _4006 Mev Dysprosium,~—Bombardments of terbium oxide with 100 Mev
protoﬁs and of dysprosium oxide with 200 Mev protons were observea'tovpro—
duce .alpha activiﬁy with a 19 minute half-life.

The assignment of this activity to dysprosium is made on the basis of
vits appearance in the 100 Mev proton bombardment of terbium oxide and not
in alpha particle bombardments of europium oxide at energies of 60, 90,
and 120 Mev. The alpha particle energy of the 19 minﬁte dysprosium acti-~
vity is determined as 4.0¢ &+ 0.04 Mev by pulse analysis.

From several decay curves of - this aipha activity the half~}ife of

19 i 4 minutes was determined.

3. . 3.6 Mev Dysprosium.——Bombardments of terbium oxide with 100

and 120 Mev protons-and bombardments of neodymium oxide with ~100 Mev ¢l
ioﬁéﬁprdduced sbme alpha activity of 2.3 hour half-life,

The element assignment to dysprosium was made on the basis of a-.
cheﬁical separation of the products of a 120 Mév proton bombardment of
terbium oxide. The separation was made by standard cation exchange column
elution at %80 o using.pH.3,3 citrate solution as eluting agenﬁ,*as des~

cribed in Appendix I.E.
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The alpha particle energy was determined by pulse ana}ysis to be
3,61 + 0.08 Mev. The half-life was determined from decay curves toc be

2,3 + 0,2 hours,

E. Isotopes of Other Rare Eafth'Eleﬁents"

There is good evidence of short half-life alpha activities in rare
earth elements with atomic number greater'thaﬁ 66; thet of dysprosium,
although no systematic study of fhem has yet been made.

A short bombardment of dysprosiﬁm oxide with 200 Mev protons pro-
duced, in addition to several activifies in terbium and d&sprosium which
have been previously discussed (Sections II, C and D), some alpha activi-
ty with about a fgur minute half—lifé and 4.2 + 0,15 Mev energy. This
activity proﬁably arises ffom a holmium (Z = 67) isotope.

A short bombardment of semarium (2 = 62) oxide with 100 Mev ¢12 ions
was observed to produce séme alpha activity with about a 3°5lminute half-
life. No energy measurement of the alpha particles was made, so the pos=
sibility that this activity camé from heavy element impurities in the
target‘material cannot be ruled out, but it seems probable that fhis act-
ivity was due to a holmium (Z = 67) or erbium (2 = 68l)vnuclidevo

It seems likely that some of the'huclides containing 84 or a few
more neutrons. of the elements of atomic number greater than 66 will exhi-
bit appreciable decay by alpha particle emission. It is to be expected,
however, that the increased energieé available to the vérious decay pro-
cesses will-result in #ery shoft half-lives for these isotopes. Those

nuclides with half-lives greater. than a-féw miﬁutes in these higher ele=-
Aments are probably so many neutrons beyond the 84 neutron configuration
favorable to alpha decéy that'they will show unobsérvably low alpha decay

branching.
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- It appears that no appreciable. alpha branching‘is-exhibitéd'by neutron
deficient nuclides of atomic numbers 67 tov69‘with'h§lf-1ive§ of intermedi-
ate length (>1 hour). A two hour bombérdment-of erbium (Z = 68) oxide
with ZQO Mev protons was made, and chemical'sepafation-by cation exchange
column was complefed two hours after the end of the bombardment. No al;'
pha activity.was-foundsin the fractions corresponding.to elements with
~ atomic number greater than 66 (dysprosium). (The 2.3 hour dysprqsium al-
pha activity and thé.Aol hour terbium activity were prominent in their
»respectivevchemical~fractions;):'1n a search for long lived alpha activity
a target of ytterbium oxide (2 = 70)fwas given an intensive irradiation by
protons of 150 and 250 Mev for a total of about forty hours. -After sever-
al days a chemical separation by standard cation exchange column elutions .
was made. No alpha activity in any of the rare earth elements was found
except for the_BQlé Mev alpha activity in gadolinium due to cal48,

No alpha activitieg in nuclides with atomic numbers less than 63
(europium) have yet. been observed in this investigation, excepﬁing, of
course, the natural alpha emitting isotope sml47, Only a few short sur-
vey bombardments have been made in this region, so significant upper
limits on élpha half-lives cannot be set.,

The best chance of observing alpha activity in an artificially pro-
duced samarium isotope is probably in the 84 neutron isotope Sm146, which -

is presumed beta stablel? but is missing in nature,

F. Gold Isctope (A = 79)
l. 5.1 Mev Gold.--Following bombardments of gold foils 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 observ-

eds2
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"This.actiﬁity-was assigned to gold on the basis of a chemical separ-
étion procedure utilizing eXtraction of the“chloridé into ethyl acetate
as described in Appendix I,E. The alpha activity in the gold fraction
was counted within thirty seconds following chemical 'separation and no
evidence of deviation from the simple 4.3 minute decay was found. From
this evidencé,‘it can be stated that the alpha particles are emittéd ei- .
ther ﬁy the 4.3 minute gold nuclide or by its platinum daughter nuclide
(frbm positron or electron capturé decay) with the half-life of the daugh-
ter leSS'than 15 seconds, the latter possibility seeming unlikely but
possible° v ‘

By alpha pulse analysis the energy of the 4.3 minute albha'particleS-
was determined as 5.07 + 0.1 Mev. Comparison standards Pu239 (5,14 Mev),
A4l (5,48 Mev), and Cm?%2 (6,08 Mev) ﬁere used in the determination.

The half—life of 4.3 + 0.2 minutes has beén-détermined from alpha
decay curves éxtending through a decay factor of 100, |

The limits set on the mass number of the gold alpha emitter are ra-.
ther ‘indefinite, based on eVidence‘concerning boribardment energies neces—
sary for its production. Tentative limits.of 183<4<187 have been set,

Chemically separated samples containing the gold_alpha‘activity were
counted with standard Geiger counters, with and without beryllium and lead
absorbers, A component with approximately four’mingte half-life can be -
resolved from the decay curves. From comparison of counting rates with
different combinations of absorbers it was possible to determine an
approximéte figure for the abundance of electromagnetic radiation with
four minute half-life of about the energy of platinum K x-rays. .The ratio
of alpha disintegrations to four minute K x=-rays was about 107%, If both
radiations arise from the same isotope and if roughly one K.x=ray per

electron capture disintegration is emitted, then the a/EC branching ratic
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would be l074 as repqrted~in thev1949,paperszmdrhis;branching~ratio should

be regarded as uncertain.

va’Mercury‘Isotopes-(Zi=:80)

1. 5.6 Mev Mercury.--Following bombardments of gold foils with.

l90-Mev_deuteron§jsome alpha activity of 0.7 minute half-life ‘was ob=-
servédf This dctivity was assigned-to mercury. on the.basis of a chemical
- separation by volatilization (see Appendix,I,E) from the gold foil.
Its alphavparticle'energy was<determiﬁed to be 5560 + 0,1 Mev bj alpha
puise analysis. Its half-life was determined;to‘ﬁe 0,7 + 0.2 minute from .
decay curves of the 5.6 Mev alpha peak from the pulse analyses,

- No work. to determine the threshold bombardment energy for produétiqn
of this activity has been done besides the original 190 Mev deuteron bom-
bardments; hence, no significant limits on the mass number can beAset at

this time,

TII. DISCUSSION
A, Alpha Decay Rate-

‘The alpha emitters in the rare  earth region are of special interest
in that they provide data on the rate of alpha decay in a region COnsidQ
erably removed from the heavy element alpha emitters, - -

of the‘rare earth alpha emitters with known decay'energies only the
naturally occurring Sm;47‘has its alpha decay rate well determined. The
alpha decay rates of.Eu147§ Gd149, and Gd:_L48 are kndwn approximatelyov;
Only uppgrvlimits can presently be set on the alpha decay rates of the
terbium and. dysprosium alpha emitters, since their alpha to electron cap-

ture decay branching ratios have not yet been determined experimentally,
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The correlaﬁions’of<alpha deéay.rates and decéyvengrgiesvampng the
heavy element alpha emitters show great regularity if nuclides of even=
even nuclear type are alone included. The odd nucleon number alpha emit-
ters exhibit decay rates lower than the correlations of the even-even
type nuclides would predict by facfors as great as 1000,

If one knew which of several alpha. decay rate formulas that have
been proposed most nearly represented the true physical situation, it
would be possible by using the experimental alpha decay data of 64Gd148
to calculate the value of the "effective nuclear radius for alpha parti-
cles™ or "alpha. particle penetration radiué" for the déughter nuclide |
Smlé4, Alpha decay rate formulas may generally be‘considered'as the pro-
duct of two factors, as A = feP., where )\ is the alpha decay constant in
seconds™T, P represents the penetrability factor of the coulombic poten-
tial barrier, and f, the hypothetical "decay constant in'the absence of
the potential barrier." The potential which the alpha particle experi- -
ences isvgenerally idealized as a pure coulombic potential at distances
of the alpha paf@icle from the nucleus greater thén an "effective nuclear
radius" R, at whiéh point there is assumed a sharp cutoff of the coulombic
potenfialvto some low value. There is wi&e variation in the values esti-
mated ‘for f, the decay constant without barrier,’dépending upon the par~
ticular nuclear model chosen. The one body model as applied by Biswas
' a;d Patro29 and by Perlman and YpSilantisBO leads to f values of the order
of 2 x 10?1 sec‘l, while at the other extreme the many body . model proposed -
.5y'Bethe31 leads @Q f values oftthe order of 1 x 1015 seq‘lu, As a result,
radius values determined from the experimental data on alpha decay in the
heavy region by the latter model excéed'by A5 percent those determined by

the former model. Other alpha decay formulas iead to results between

these extrenes.
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In view of thé~éohside¥é51o~variétion'iﬁ"f'estimates and some other
details in various alpha decay rate formulas, the R values (Sml44 daugh-
ter nucleus) were calculated froﬁ Gal48 data by five separate rate ex-
pressions., The first is the one bcdy formula used by Biswas and Patro??
and by Perlman and Yp811antls 30 The second is a formula derlved by one -
.of-theoauthors (J.O,Ro);’ -The thlrd is an approx1mate form of the one
body formula derived and applleﬂ_by Preston33 and also‘applled by Kap-
'4iép?34' ?he'fou?th ;sjafmanyfbody expression of_the sgme:form as thé
gooooq, but based on the procedure suggéstoojby Coﬁonzs which uses alpha
penetration radii‘determined from alpha particle bombardment exoitation
funotions,ﬂ The radii used were based onlfhevh,fission)CTOSS section
measurements on Th2?2 by Jungermann°36, Tﬁe fifth decay expression used
is,the form of the many body decay model pr0posed)Py Bethe,_3l

_ The detalls of these five alpha deca& formula;'oan be found in

Appendix II.

R values (Em?20 daughter nucleus) from Ra??4 data were also calculat-
ed by these expressions and aré presented in .Table III.- From'theSe R
values in the two regions-consténts‘“a" and "b" were determined to give
aéfeément.with the effective nuclear radios:formula of type

= (aAl/3 +b) x 10‘13:cm,

where A is the mass number. The first term in the expression méy be
associated with the radius of the nucleus propér'and the second term with
the "radius of the alpha particle" plus the range of nuclear forces, &
radius expression in which the constant term might.have greater physical
significance was felt to be fhe following, employing“Present'sB7 nuclear
radius formula which takes into account a finite_compressibilify of nu-

clear matter:

R.= {a'Al/B[l + 0. 8(A-2z 2/A2 0.3/41/3 + 0,010 22/A4/3] + b*} x 103 cn
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The constants a, b, a', and b! are given in Table III with the five sets

of R values.

Table III

~Alpha. Particle Penetration Radius Values Calculated from Alpha Decay
Rate Data and Correspondlng Constants for Radlus Expre331ons

Penetratlon radii

Rate formula - (in 10~13 cm) _ Constanté in Radius Expressions
| , arl/3 4+ v  Present's Ean>'
 Ra%?4 al48 .y at bt
1. BP and PY 8,70  7.55 1,46  -0,10 1,085  1.79
2. R 9.01 7 84 1.8 0,07 1.10 = 2.01
3.. K~ 9,25 8,00 1.58 -0,30 1,18 - 1.75
4. RGT 1016 - 9.0 134 2,07 100 - 3.80
5. BMB  12.60 W78 LO4 632 077 7.70

The bt valués for formulas (1), (2), and (3) seem to be reasonable
physically, whlle the b!? values for (4) and (5) seem too large. Th}s
comparison would favor the decay formulas (1), (2), and (3) with the higher
f values over thbse with lower .values., It should be borne in mind in ‘this
regard that the uncertainties in the experimental alphavdecay data for
Gd148 suggéSt‘error limits on the calculated R values of about +5 percent.
The constant terms b and b'! in the radius expressions ;are very sensitive
to the difference between the R values for Ra?? and Gdl48° A change:of
the G148 R value by +5 percent would cause a change in b and b'! values
of about +3. Alpha decay formula (5) would still appear to be excluded -

by too large a value for b', but formula (4) could not be ruled out.
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Using the R values for Gd148 the alpha decay rates of the other rare
earth alpha emitters were calculated from the various decay expre351ons.
Many<oflthesewalpha emitters”are;nqtueven=even>guclea;ﬂtypeﬁ .F?O@Wngerf..
vations amoag the.heavy'elementslonevwould.expect the calculated rates to
be merely upper limits for nuclei not of even-even type° Lower rates
would not be surprlslng in view of the common occurrence of hindrance
with odd nucleon type alpha emltters, The calculatlons for the rare earth
alpha emitters are summarlzed in Table IV as the logarlthmsto the base ten
of the alpha decay mean life « in seconds (= 1),

The decay rates calculated for each alpha emltter by the various de-
cay formulas are seen to differ very little., The differentfdecay formu-
'lae evidently give about the same.dependence of decay ratelon decay ener-
gy;'siace;nO'significant systematic differences from formula to formula.
are evident., As toitﬁe agreement with the experimental decay rates, - it
is seenlthat no disagreement occurs with the lower limits in the terbium
and dyspr051um nuclides, for Wthh cood asEC branchlng ratios are not
known, - Note, however, that Gd149 Eul47 and Sm147 all exhlblt progres~
51ve1y larger actual decay rates than are calculated This dlscrepancy
is of the opp031teﬁ31én from the possible hindrance assoeiatedlwithioda~
nucleon nuclear types. smi47 exhibits aﬁgecay rate ten times greater than
predicted. ' The discrepancy may not be/%aadamental but}may.be»due to.ex-
perimental error in the- alpha particle energy value of 2. 18 Mev used for

m147o Thls value‘was-determlned‘by Jesse and Sadausk;sl4vin argon filled
1onlzation chamber., The assﬁhpticn that total ionlzation in,argon_ls
strictly proportional to alpha particle energy was tested and used in
their Sm47 energy determination, If this assumption\is not strictly
‘true, and there is an "ionization defect,® the energy value 2.18 Mev for

sm47 is too low. So sensitive are the decay rate calculations in Sml47



Table IV

' Calculation of Decay Constants Using Nuclear Radii Fitting Gd148 Decay'

»TOt&l* loglo T
Nziégzr (v is the mean life for alpha decay in seconds.~ = 1/\)
Eg'e9ay 1 2 3 4 5
Muclide  (yeoy |  Experimental BP and PY R PK RG] BB
Nuclear#*#* ' :
Radius —— -5 7.55 7 .84 8.00 92,10 11.78
(in 10-13 cm) :
 snl47 2.26 18,79 19.89 19.87  19.74  19.88  19.77
- Euld? 2.98 11.42 11.9¢ 11,98 11,91 12,01 11,9
Gal48x# 3.27 9.98 - - — — _—
cals9 3.1 11.26 11.56 11.55 11,50  11.56 11,51
cals® 2.8 — 1466 165 U.58 1460 1450
Tpl49 4,08 >33 466 Lobh  4e6L 468 473
51 3.56 >5,00 8.32 8.30  8.27 8,31 - 8.28
Dy 4.35 >2,8/, 3.62 3.61_ 353 3.63 3.69
Dy 4420 >3,21 454 4.50 451 4 .50 4458
Dy 3.73 >4,,08 7.68 7.68 7,66 7.6,

!
il

7.6

_ZE_

GL8T~T¥00
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The following ‘notes belong under Table IV.

*The "Total nuclear alpha decay energy" is the decay energy (alpha
partlcle plus rec01l) that the nucleus strlpped of electrons would exhl-
bit. It is calculated by addlng to the observed alpha partlcle energy
the recoll energy and an energy term equal to the electrostatlc poten—
tial energy of the alpha partlcle at the nucleus due to the electron
cloud (cf reference 32, Appendlx II) Thls last correction amounts to
30 kev for uranium, 26 kev for polonlum, and about 20 kev in the rare
earth region. A graph of the_correction term applied is shown is Fig—pﬁ
ure 4. This graph nas plotted_using the: potential calculations of.Dick-

inson._38

#*Radius values are based on the experimental decay rate of Gd148°
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to_decay energy that an inerease in decay energy of only 70 kev would
remove the factor of ten dlscrepancy in the values of Table IV. The
gmaller dlscrepan01es ln Gdl49 and Eu147 would be nearly correcteu too,
by such a change,‘31nce thelr decay energy valuesiane based on llnearv'
1nterpolatlon of 1onlzatlon chamber measurements between the energy stan—
dards Gd148 and Sm147 | |

In Table V the log101 values for formula (2) in Table v have

been converted to half-llve values and are conpared w1th the eyperlmental

half--llves°

Table V

Comparison of Calculated and Experimental Alpha Half-Lives

Total =~ .. . Experimental Alpha-half-life.

Nuclide | decay energy alnha half—life (from formula 2)
sml47 2,26 C135x 10ty 1.6x 107y
Eul47 ' 2,98 ~6 x 103 y 2.2 x 104 y
Gals8 3.27 | ~1.4 x 102 y -
cal4? © 3,1 o ~, x 103 y 7.8 x 103 y
aal?0 2.8 - 9.8 x 10° y
Tpi49 4,08 >4 h 8.4 h
TpoL 3.56 >>19 h 2.9y
Dy 4435 >8 m 42 m
Dy 4,20 >9m 6.2 h

Dy 3,73 ' >2.3h 256 4
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The additive correction to the atomic
alpha decay energy to obtain the nuclear
alpha decay energy for de€ay rate cal-
culations. The correction is in kev
Versus the atomic number minus one for
the nucleus undergoing alpha decay,
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B. Rare Earth Alpha-Decay'Energy Systematics
and the Neutroh Closed Shell of 82

With knowledge of the alpha decay energies of many isotopes of the
heevy elements and the beta decay energies of a few it has beep_poesi-
ble to ealculate the relative masses3? of nuclides of given radieeetive
famiiieS’with gfeat accuracy by the method of closed decay cyeles. The
determlnatlon of a few neutron blndlng energies made it poss1ble to re-
late the mass values between the varlous decay famllles and thus to cal—-
culate the relative masses of a very 1arge number of heavy nuclides.

Before,studying the systematics of alpha decay energies in the rare
earth region it would be well to attempt to calculate any unobserved -al-
pha energies pessiblefby thevmethed of closed decay cycle energy balan-
ces.? The applicationvef such calculations to the rare:earth alpha
emitters is unfortunately quite limited, eince in the regionfwhere alpha
decay occurs the principal decay process is orbital electron eapture,
for which it is generally not possible to meke direct experimental de-
terminations of the decay energy,‘ It -is possible, though, to calculate
the alpha decay energies of Pml47 and N4l47 as follows: (The mass
assignment of tﬁe samerium alpha activity to 147 has been made by
Wéaver4o and by Rasmussen et g;;,24 and the alpha particle energy
2,18 Mev as determined in an argon filled ionization chamber by Jesse
and Sadauskisl4 is qeed,)

F Nal47
Pt 95
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Conservation of energy requires' that

1§

Eqy 2,26 + 0,223 - 0 2932 = 1056‘Mev

Edg = Eal + 0 915 - 1044 = 1.04 Mev

(Beta decay energles of Pm%47 and Pr143 are from the NBS table,A})
N6147 decay energles are from the work of Emmerlch and Kurbatov,42 and
celé3 energles are from the work of Mandev1lle and-Shap1ro°43 These
~alpha deéay energies cofréSpond to alphévhélf=lives.mﬁch too long for
experimental detection. |

The list of fare earthjnualides with known alpha decay enérgies can
be augmented for a studyuof decay energy trenas by the additiéh'of a few
nuclides for which upper”or:lower limits on alphs decay energy_éan Be
set by COﬁsideratiSn of fhe.relation betweén'alpha decayvenefgy ahd rate.
Approximate upper energy limits can be set for the naturallyvoécurring
. rare eaftﬁ nuclides not 6bserved to undérgo>aiphé.decayor Inplﬁdea in
Table VI are Ndl445 Sml¢4,'agd Sm148_for which upper enefgy limits have
been set onvthe assumption that the half-lives for alpha decéy must be
greater than 1014 years to have escaped experimental detection Bf de~
cay044 The lower enérgy iimit in Table VI for the bresumably befa sta-
ble Sm.l46 not present in nature was set on the assumption thaf'its alpha
decay half-life must be less than 108 years to have decayed away singe
the origiﬁ of the elements. B

Table VI also lists the alpha decay energles calculated from the
semlemplrlcal nass equatlon u31ng the tables of- Metropolls and Re1t~
w:.esner16 and assuming a mass for He4 of 4, .00390 atomic mass unlts and
the mass energy conversion factor of 931.4 Mev = 1 amu,

In Figﬁre 5 the energy data of Table VI are plotted against neutron

number .,
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Table VI-

UCRL~1875

Eq¢ (Exp.)
(Mev) _
including . "Normal™ E, (Calc.
screening from semiemp, Difference
Nuclide N correction " mass eqn.) Mev Mev -
Sml47 85 2.26 10,08 2.18
Eulé” &, 2,98 0.73 2.25
calk® g 3.27 19 2,08
149 85 3,1 1.01 2,1
150 86 2.8 1 0.87 1.9
47 gy 4.08 1,60 2.48
(151)  (g6) 3.56 1.28 2.28
py(150)  (gs) 4035 2.05 2.30
(151) (85 4..20 1.87 2.33
- (352) (g 3.73 R 2,00
_ P47 | 86 1,56(calc) ~0,59 2.15
w47 gy 1.04(calc) -1,28 2.32
nat4 8 <20 -0.68 <2,68
Sml44 82 <2.1 +0.64 .5
w48 g6 <2,1 ~0,07  <2.2
sml46 g >2.4, T 40.28 2.1

() indicates mass number not

calculations,

known but merely assumed for
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The gadolinium isotopes constitu;e the only isotopic sedquence for
which the mass numbers are fairly ._certain° Mass assignments on the
plot for the dyséprosium isotopes are guesses based‘on the expecta=
tion.that the various curves of Figure 5 should be nearly parallel, as
are those of Figure 6, a plot of alpha energies against mass number in
the heavy region.

It is evident from Figure 5 that a maximuﬁ in alpha decay énergy
should occur for the samarium isotopeé at 83 or 84 neutrons. In sec-
tion II A evidencé was presented to show that Eu145, Eu148, and Eul49
must have éipha half-lives much longer than that of Eu147, since no al-
pha activity ascribable to them has been observed. In accordance with
the relation between alpha decay energy and decay rate it can, thus; be
assumed that Eu147 with 8, neutrons, for which alpha decay hés actually
been obseryed, has a greater alpha decay energy than any of its neigh-
boring eurépium isotopes (with the possible exception of Eu;46, for
which a significant upper 1imitvon the alpha half-life has not yet been
determined)° For theAgadolinium and terbium'isotopes, also, the maximum
in alpha.decay energy probably occurs in the 84 neutron nuclides.  Fur-
thermore, ﬁo alpha activity ascribable to a nuclide with less than 84
neutrons hés;yet been observed,

The normal trend for alpha decay energy to increase with decreasihg
neutron number is seen from the family of parallel lines in Figure 5 de-
fined by the alpha decay energies‘calculated froﬁ Fermi's semiempirigal
mass equation in which no account is taken of fluctuations in nuclear
binding ene£gies causgd_by structural effects, such as those ascribed to
nuclear closed shells. The true alpha decayfenergies are not 6n1y
greaﬁer than mass equation values by about 2 Mev, but exhibit a discon-

tinuity in the normal trend, dropping to lower alpha decay values for



E ; (.,,T‘Af(m: : ) : .
9.0 .. e =lg0
18 :
&0:;' —8.0
. ‘ B “* ]
v e L Pof" . )
" b} =~ m%m(em . -] .
S F ” ’
T 70k | —jzo_ _
g '—t . 232(” : )
%" i - I P\“ . Lmee 7
Lz \ N —]
» Q r gi197 NG 234 . xgm?¢® N
: : AR08 \\ \,,{»’u N cm24? ]
% = ooy A'205(?)' N
y ww 6.0— A < _ ar2oTe "(39(’) A _; 6..0 *
é E . 233 22246( ’
8 v
'« - 239 "mfc‘fmy-
o n
al L oPuiliey
) 5.0 —so
C “NpBT 7]
[ ] 236 4
t - . N 232 B '
o | l I | | 1 | A 5 io
. 200 205 210 215 220 225 230 235 240 .
' MASS NUMBER
FIG 6
ALPHA ENERGY VERSUS MASS NUMBER RELATIONSHIPS OF THE
HEAVY NUCLIDES. FROM PERLMAN, GHIORSO AND. SEABORG 9
LN A TR 4 2 3 OZéﬁ

L3 - SRy

2VEE 4

]



=ly2m UCRL-1875
neutron nuhbers,less than 84,

Although the neutrén_binding’energies of these‘alpha active rare
earth nuclidés éannotfbe_éalCulatedjexpiicitlxlas for the aipha emittefs
in theAneighbérhoodv6f‘i26_neutr6£s,17 the analogy between the alpha de-
cay eneréy curves in the’two,regionsg’with their-méxima at 8/ and 128
neutrons, fespeciiveij, wﬁuld stroﬁgly suggest‘that the maximé at 84;
neutrons in the rare earth alpha decay energies are a consequence of the
decreased neutron Binding energies just beyond the cl;sed shell®’ of 82
neutfons inﬁanalogy to the maxima at 128 neutrons resulting from the ab-
normélLy low neﬁtron binding energies just beyond the,cldsed shell of
126 neutrons. | |

The éffect on alpha decay enefgies.of’thé 82 neutron ciosed shéll' 
was early suspected after discovery of'rare earth alpha activity. Be-
fore any element or mass assignments had been made, the reiatidnship to
the closed shell was discussed by-Thbmpson 23 §;52 and by Perlman
et 31,9 and predictions of the_probabié mass numbers of alpha<§ctive nu-
clides made. SubSequent-experihental work has‘borné out these predic- '
tions to a remarkable degree. |

The neutron binding energy comparisons of Harveyl7 show cleariy an
-abnormal drop in the neutron binding energies just beyond 126 neutrons,
and the few cases compared near éz neutrons seem to indicate a like dis-
continuity. | |

From small extrapolétions of the curvés in Figure 5 one -might esti-
mate the decay energies of a. few nuclides, the alpha activities of which
have not yet been detected,'such,as, Sml46, ~2.5 Mev, Sm148, ~Q.0'Mev,
Pm145, ~2,0 Mev. With such energies aipha aétivitj of sml46 should be
barely detectable andgthat of Sml48 and Pmi4? undetectabie by present

techniques. Since the magnitude of the discontinuity in neutron binding -
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energies at 82 neutroné is about 1.5 Mev,l7 the 83 and 82 neutron iso-.
topes might be expected to have on the order of 1,5 and 3 Mev, respec-
tively, less energy for alpha decay than the 84 neutron nuclide of the.
same 'Z, This energy difference easily ‘accounts for the undetectably
low alpha decay rate of Sm;44-énd'indicates that the alpha decay of nu-
clides with a few neutrons less than 84 may only become observable in
elements:with atomic number greéater than 65, that of terbium.

It is interesting to note that as the atomic number is increased for
the -84 neutron nuclides the increase in alpha decay energy in going from
atomic number 64 to 65 is much greater than that in going from 63 to 64.
" In Table VI, too, it is seen that the energy difference column shows the
TH149 alpha energy to show the highest difference, some 0.3 Mev higher
than the average of the lower elements. - The obéervétion might indicate
that the 65th proton is less tightly bound than the general averagé in
the region, that 64 might be a minor "magic number" proton configuration.
A small splitting between the 2d5/2 and 2d3/é levels on the‘Mayer45’ '
nuclear shell model could account for a slight extra stabilization- of

the 64 proton configuration.
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Appendix I. EXPERIMENTAL METHODS -~ -
4. Production of Alpha ActiveiIsotopes"

‘For the production of the alpha active isotopes‘invéstigated'three
particle accelerators at the University of'California Radiation Labora-
tory have been used: the 184~inch cyclotron, the 60-inch cyclotron, and
the 32 Mev proton linear accelerator,

Rare earth elements were bombarded as the powdered oxides.- Matér-
ials of the highest available chemical purity were generally used as
target materials. Freedom from heavy element .impurities (uranium, thor-
ium, bismuth, and lead) was especiaily important .in ‘experiments on short
lived activities where rare earth chemical separations were not feasi-
ble. In the 184-inch cyclotron the oxides were generally bombarded in
platinum or aluminum envelopes within the cyclotron tank. The probe

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 bombarded in the 18/~inch cyclotron, they were
clamped to target holders at the end of the probe. In the 60-inch cyclo-
tron alpha particle, deuteron, or proton bombardments, the rare earth
oxides were bombérded in the special target aséembly developed for the
transcurium isotope work at this laboratory and described in a recent
article by Thompson et g;.46 This water cooled assembly exposés the

target to bombardment by the deflected beam of the 60-inch cyclotron,

The C12 ion bombardments of rare earth oxides were made within the vacuum
tank, with the oxides wrapped in envelopes of 0,00025 inch tantalﬁm foil,

which were in turn clamped to a probe.

B. Detection of 4lpha Activity

Alpha activity was detected following bombardments by counting sam-

ples in argon filled ionization chamber counters adjusted with the aid
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of an oscilloscope such that they would count only the relatively-lérgei
ionization pulses produced by alpha particles and not the "pile-ups" due
to beta-gamma activity. Alpha particles of.the=enérgies encountered in
this work (2.9 to 5.7 Mev) rapidly'lose energy- by ionization in~fraver—,
sal of matter, Therefore, it was desirable that samples for aipha
counting be made as thin as possible. - Samples werekusually.prepargd by
evaporation of active solutions on 5 ﬁil thick platinum dises. The
discs were heated to-red‘hegt in a flame to drive off all remaining |
moistureAand to destroy 6rganic material in order to minimize the'se;f-
absorption of alpha activity in the sample. Despite the fact that tar;
get materials of good'purity.were used, thére was often enough alpha
activity present from heavy element contémination that it was founa de;
sirable to use as the detection deﬁice the.special argon filled,ioniéaé
tion chamber and 48-channel‘differential-pulse height analyzer.],'3 By{
couhting thebalpha radioactivity in the pulse analyzer ion.chambétré. 
measurement of fhe pulse height was obtained. The alpha particle eﬁérgy
could then be caleculated by comparison with the pulse heights pgoduded
by alpha emitter standards of known energy. Since the nuclear cdulombid
potential barrier for alpha particles is cpnsiderably lower_for rﬁre 7
earth nuclides than for heavy element nuclides,'thé.alpha particles
emitted by the rare earth alpha emitters have energies less than those
of any heavy element alpha activities of comparable alpha-decay_rates'by
at least l’MEV. " Thus, from the observation of alpha partiéle energy and
alpha decay rate alone, an estimate df the atomic number of ihe alpha

active nuclide can be made with an uncertainty no greater than ten.
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C. Alpha Parﬁicle Energy.

-.Alpha particle energies were obtained by measuring the amount of‘.
ionization produced in aﬁ ionizationuchamber filled with purified argon,
Pulse height measurements were made by using the 48-channel differential
pulse height.aﬁalyzer described by Ghiorso gt g;.lB . The pulse height of
the unkhown alpha activity was measured, and alpha activifystandards of
known alpha‘energy were also measured for comparison. The unknown alpha
energy was determined by linear interpolation or extrapblatiOn.from the
étandards; The linear dependence'of totél ionization in pure argon gas
to alpha pafticle energy over a wide range of enérgy has been shown by
Jesse, Forstat, and Sadauskis.47-

For obtaining the best possible alpha energy measurements thin,
uniform'éamples were of‘ten prepared by véporization in vacuo of the slpha
activevmatérial from a tungsten filament at white heat to a nearby plati-
nun platey |

D. Half-Life of Activity: A

Half-life measurements were usually made by the conventional method
of plotting the logarithm of the counting rate against time, with the
haif-life being determined from the slope of the straight line plot, af-
ter subtraction of contributions from other activities and from genersl
background, This method was used in this work for the determination of .-
half~lives ranging from 4 minutes to 24 days. The method is, of courge,
‘not .applicable fbr the determination of extremely long half-lives. -

With long lived Gdl48, for example, an estimate of the partial alpha
half-life had to be made from bombardment yields. .

In the work reported here it is not possible to rule out from ex-

perimental evidence alone the possibility that somé of the activities

are of the delayed alpha emitter type, such as the beta emitter L'i8o

a0
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Theoretical,considerations concerning alpha decay rates as a function of
depaj energy make it unlikely that any of the medium heavy element alpha
emitﬁers to Be reported in this paper are of the delayed alpha emitter
type., The observed half-lives in.decay of these activities are thus
presumed to be the true half-lives of the alpha active nuclides and not

those of pafent activities.

E. Atomic Number of Alpha Active Nuclide

The determinations of atomic number were made by chemical means in
the case of all activities where chemical separations could be made in a
length of time comparable to the half-lives, For'activifies with half-
lives too short to permit chemical element assignments it was ﬁecessary~
to resort to the physical arguments already given concerning the appear-~
ance'or'nonappeérance’of the activity in bombardments of different tar-
get materials, "

Elementlassignﬁénts by chemical means were accomplished by making
chemical separations on the bombarded materialvand'observing in which'
chemical fraction the activity of interest appeared. By making adequate
chemicalvséparations the activity could be assigned to a single chemical
element,

It should be mentioned that such chemicaliassignments of atomic
.number do not necessarily determine the atomic number of the glpha>ac—
tive nuclide., The possibility always exists as mentioned in Appendix I.D
that ‘the activity of interest is a short lived activity in equilibrium
with a longer 1i§ed'paren£ activity. In this case the activity of in-
terest would appear in the chemical fraction of the longer lived parent,
dgain it can only be‘said that theoretical alpha decay half-life donsid—

erations make it unlikely that such is the situation with\any of the
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alpha emitters reported in this. paper. :- . .. .

. ~The rare earth elements;(1gnthanum.throughjlutetium) present a spec-
ial.problem,in chemical  separation fromﬂpne<another,,§ince they are very
similar in- chemical behavior.

The necessity of using thin samples fof,alpha”counting-andoalpha‘
energy méasurement places a restriction on the amount of carrier mater-
ial which may be added for the purpose of facilitating radiochemical se-
parations. The cation exchange resin column .separations to be mentioned
below easily neet these requirements since no added carrier is required.

The separation of the individual rare earth elements in small
amounts in the work reported here was usually made by elﬁtimn from cation
exchange resin columns.. DoweXbéo resin48 (SPherical fines) in the.
ammonium form was. used exclusively in- the columns.. The eluting solu-
tions of citric-acid-ammonium citrate were always 0.25 M in total ci-
trate with 1 g/l. phenol added to prevent the growth of mold. Most of
the sepérations were made in a jacketed column maintained at 78°, 83°,
or 87° C. The apparatus and techniques employed. in the column separa=
tions at elevated temperatures have been described in detail in a re-
eent article.46 Where speed in separation was unnecessary, the elutions
were sometimes made at room temperature at a slower flow rate as des-
cribed by Wilkinson andxHicks,Ag.

Before several column separations small amounts of various rare
earth elements were added, in.order that positive chemical identifica-
tion of elution peaks could later be made by spectrographicvanalysiso-

Europium and gadolinium are not satisfactorily separated from one
another by the cation exchange separations. of the type‘described above,
A sodium amalgam reduction procedure was employed as a means of effectm

ing their separation. The zinc amalgam procedure described by Wilkinson
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and Hicks49 for europium reduction was found to give extremely. low.
yields unless europium qarrieglggterial was added in-amounts too large
~ for good alpha counting,. Howévéf, thé sdaium amalgam procedure des-
cribed below was foundatq give a fair'éeparation.between europium and .-
gadolinium. The reduction potential ié sufficient to reduce samarium
into the amalgam 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 Ballou forbseparation of samari-
um and europium fission products from other rare earths, 0

Amalgam Proceduré: Dissolve the europium oxide or hydroxide (not
more than 10 mg) in a minimum of hydrochloric acid. Dilute the solu-
tion to 15 ml with water, and add ten drops of glacial acetic écid; To -
the solution in a separétory funnel add 4 ml of O.SrperCent sodium anal-
‘gam., Shake for five seconds and transfer the amalgam layer' to a second.
separatory funnel containing 30 ml of water. Agaiﬁ shake and transfefv
to a third funnel containing 30 ml of water. Finally, shake and trans-
fer to a ‘fourth funnel containing éO ml 2 N HCl. Afﬁgr the evolution §f
hydrogen has ceased, the europium fraction can be recovered by hydroxide
precipitation of the aqueous phase in the fourth_funnélg while the gado-
linium can be recovered from the'aqueous phase in the first funnel,

Féllowing'the deﬁteron bombéf&ments of.gold-targets the radioactive
mercury fraction was separated from the gold leaf by VOlatilizationo'
Within a special steel chamber the gold was heated_stronglﬁ'under a pla-
tinum plate, which was cooled on the back by circulating water. The
mercury condensed on the platinum plate,

4 gold fraction was isolated from the gold or platinum targets by
dissolving these metal targets in hot, concentrated aquﬁiregia, diluting

the solutions to about 6 N in acid and extracting'the-gold chloride into
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‘ ethyl acetate, which was. then: washed once or twice with.2 E;HGl,-'The
gold was recovered by evaporating the ethyl acetate solution.on a plati-~

num plate,

- Fs;. Mass Number

Determinations of mass number of the alpha active nuclides  studied
in this investigation were made by two methods: (a) deduction from
production yields of activity as a function of energy of bombardment
(excitation functions), and (b) mass spectrographic isotope separation
with detection of alpha activity by nuclear emulsion transfer plateﬁ24
4 third possible method of ﬁasé assignment, the deduction from observa- - .
tion of daughter activities of known mass number, did not faciliﬁgté any
mass assignments of the alpha activities reported here.

For the alpha active isotopes within a few .mass numbers of the nat-
urally occurring-isotdpes,the‘first:method-proved most .convenient., For
isotopes many mass numbers away from beta stability, mass assignments
cannot usually be made with certainty on ihe basis of excitation-funén
ﬁions alone, al£hough mass nﬁmber limits can be set.

A mass spectrographic technique was used for the mass assignment of
~the Tb149 alpha activity. This technique is described in the report by
the authors in collaboration with ReynoldszA.on;the mass assignment of
the Tb149,and-8m147.alpha activities.,. The mass spectrographic technique
as applied to Tbl49:iSjlimited to activities of at least several hours

half-life that can be produced in relatively large amounts,

G. Other Modes of Decay
Since the alpha active nuclides studied here all lie to the neutron

deficient side of beta stability, it seems certain that all {with the
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| exception of Gd;50 and possibly Gdl48) will undergo decay by orbital
electron capture, and some of the nuclides may exhibit positron emis-
sion also. These decay proeesses give rise to electron and electromag-
netic radiation, referred to collectively as beta-gamma activity.

| bThe bete-gamma radiations,were,studied by standard techniques using
argon filled or xenon filled Geiger counters, a windowless methane filled
proportional counter, and a small beta ray spectrometer of low resolu~.
tion. Counting through various absorbers was done to give_information
on energies and relative abundances of various componehts of beta-gamma

radiations.

Appendix II. ALPHA DECAY RATE FORMULAS
The five alpha decay rate fei@ulas used for the calculations in
IITI A will be.discussed here in order of decreaeing "frequency factor®
. f in the general rate expression, A= fP,
The penetration factor P in all cases was calculated by the eﬁpqﬁen-
tial expressien’(600)? of Bethe.31l Thevredﬁced mass of .the sys- .

tém and the total nuclear decay energy were used for the calculations.

®4 table has been prepared of Bethe's Y(x) function to f1ve decimal
places as a function of the argument y = (1 - x)1/2 over the range of
¥, 0.750(0.001)0.946. Copies of the table are available from the au-

thors on request.
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The various decay formulas differ in .the factor; f multiplying the
exponential factor P.
‘ The first formula, used: by Biswas and.Patrq'29 and by Perlman and
Ypsilantis,30 sets

£ = %.,;where~v_is,the~velocity of -

alpha particle (center of mass ‘system) and R is the nuclear radius. -
The second formula, deérived by one of the authors (J.0.R.)3% with a
many body model relating f to nuclear lével spacing, gives T as

f‘—'-zl (E- U)/2 ?

th B~-E

where E is the alpha decay energy, B is the "barrier height"
(B = 2%Ze?/R), U is the "potential energy of the alpha particle within
the nucleus”(and is assumed equai'to'zerO) and D¥ is an enérgy présuma-
bly of the same order of magnitude as the average level spacing between
nuclear levels of the same spin and-parity>as-the~alpha'émitting”state. :
In the case of even-even nuclides, whose ground states have zero
spin and even parity, D* might be estimated by the energy of the first
excited state of zero spin and ‘even parity. FExperimental evidence from -

Valpha decay fine structure studies’t

indicates that this first excited

I = 0,+ state in heavy nuclides must have energy greater than 300 kev,
Thus, in the absence of direct exﬁeriﬁénfal évidénég by‘whiéh to

estimate D¥*, the rough assumption'was made that the first excited I = O,+

state has an energy.corresponding to the first»excitéd‘level of the nu-

clear "liquid drop" oscillation of lowest order (n = 2), For this cal-

52

culation the following equations of Bohr and Wheeler-™ were used:
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1/2%_&% = 4-1/2 @nrOZO 22(1 - x)n2/3MP:ro_2} /2 (o)

where 4nrg<0 n 14 Mev : - BW(12)
2 2 2

and x = Ejl/f?_J (Z )// 47 8.
: 4 A/ 1lim M\A /

The calculations give for Ra224‘thevquaﬁtum of energy,v

a

(nay) Ra22h. = 0% Mev

and for Gal48,

(huQ)Gd148 = 1543 Mev.

These values of 0y were substituted:ferﬂﬁ* in the alpha decay rate cal-
culations by the second formula, In effect, this means assigning the
saﬁe nuclear "frequency factor" to alpha decay and to spontaneous f13m
sion, It is interesting in this connectlon to note Frenkel's dlseuen
sion53 of spontaneous fission and alpha emission as closely related pro=
cesses. i

The'third‘alpha decay rate formula is an approximation to that de-
rived by Preeton33 from a one body model using the steepest descents
method of approx1mat1ng‘the coulomb wave functlonu ThlS formula was also
wed by Kaplan34 in his correlatlon of even-even alpha emltter datao

The . Preston formula 1s glven as two 31multaneous equatlons from

which one can solve for both the nuclear radlus, R9 and the "1nternal

potential energy,“ U, of the alpha partlcle within the nucle‘ue°

v vp?tanao

R 32 4 tanfag

>
1

1}

and - p = ~tanagtan(ukR)
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where R and P have their usual meanings defined earlier in this section,
v is the alpha particle velocity corresponding to the energy E, and k is

its wave number,

e
(x 5) :

1/2
and ' aQ, = arc cos(I_g) / .
. 5
, ' 1/2 _ :
Now tanay, = tanarccos (g) / =Ci._§9 1/2 , and v = (2E/m)l/2
. _ E ‘

50 one obtains on substitution in the first equation,
, /B - E\1/?
2 1/ H(_.__)
)‘=23/E/ (l-E) B
ml/QR U} (B - )
1= -+
( E E

| 22 5 _y (-2
A = - S P :
/% (E-U)+ (B-F) (2.1)

The Preston equations can easily be put in a more convenient

approximate form. Kaplan34 showed from his correlation that

E - U x v?nR/2nR% | T (2.2)
that is, that the kinetic energy of the alpha particle within the nﬁcleus
in this one body podel nearly eqﬁals the energy of the 1S state of the
alpha pafticle in a spherical square potential weli with radius R and
with infinite walls.. E - U is about 0,52 Mev for thé heavy element al-
pha emitters correlated by Kaplan, Thus, if E - U be‘negle§£ed with

respect to B - E, one obtains from equation (2.1),

3/ - 1) : |
= : P. 2.3)
ml/zR(B - E)l/2 (
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Finally, substituting for E - U from (2°2) one obtains

23/2 ﬁz :
3/233(13 - E)l/?.

(2.4)

the expres31on used as formula (3) in the calculatlons of section ITT 4.

The fourth formula uses an f factor W1th the same energy dependence
R 1/2 | B
F-—fo( ) o (2.5)

However, the numerical calue of f, was taken as the mean of f, values

as’the.second formula°

t

calculated from heavy element even-even -alpha emitter data usihg the

radius expression
R= (14383 + 148) - 10 e (2.6)
The average of log £5 = 19,10 frfom,a,correla‘t.ion_of_Rasmqseen°5va This
procedure follows Cohen's35 cofrelation;using4penetration redioe values .
determined from total nuclear-abso:ption cross sections.for bombardihg _
alpha particles. The fadiue expressionvusedpebove is‘taken fromlfhe
(a,fission) excitation function work of Jungermann36 on Th232,.compared'
with weisskopf's55_‘theoretioa'l,oalcuiations°
1The fourth‘decay expression.then is as follows:
‘ ., o 1/2 N .
£= 1.2 - 1019(5-?—) T (2
The fifth decay expression is the form of the- many bod& decay model
proposed by Bethe,Bl,where,p N o o
= 6,2 - 1014 gt/2

with E in Mev, f in sec~l,
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