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ABSTRACT
Ip a survey for alpha activity émong cyclotron-produced neutron-
deficient nuclides>6f the medium heavy elements alpha activity was found
in a nuﬁber of rare earth nuclides with atomic number greater than 62 |
(samarium) and in a gold and a mercury nuclide. The experimental results -
of studies of the variqus_alpha’activifies discovered in this investigation
are preséntedo |
Experimental values of alpha’decay‘rates are comparéd with calcula-
yions from four different alpha'decay rate forhulaso The trends of the
. rare earth alpha decay ehengieS‘are noted and their in£erp:ététion as a
gonsequence'of a decrease in neutron binding enérgies just beyond the‘

closed sheil of 82 neutrons proposed.
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I; INTRODUCTION

Radloactlve decay by emission of alpha partlcles is a commonly obn
served mode of decay in the 1sotepes9 both natural and artlflclal of the
elements of atomic number greater than 82 that of lead, Howeverg wlth
the lone exceptlon of the alpha emitting 1sotope of natural samarivm A;'
(Z 62), discovered by Hevesy and Pahl1 in 1933, alpha decay 1n 1sotopes
of elements belOW'blsmnth (z = 83} had not been reported prlor t@ 1949o
At various times the problem of alpha stablllty in these llghter elements
has been considered, 3 1% had been noted from observatlen of the general
slope of the experlmental mass defect curve hat most 1sotopes of mass
'number greater than about 150 are energetmcally unstable toward alpha de= l
cay. The fact that alpha deeay had fot beea observed (excepting in samarlum)
in the naturally oeeurring lsetopes'of the medium heavy elements eeuld‘be
‘4aaeduately explained'by the quantum mechanical consideratien of the rate
ef'penet*aﬁion of the coulcmbie potential bafrier:by e”caping alpha partim_
-cles° ' The decay - rate formulas developed by Gamow& and by Gurney and Gondon5
and verified by eomparlsen w1th experlmental alpha decay data in the heavy
elements showed the alpha decay rate to be & very sensitive exponentlal

functlon of decay energyo Thus, the naturally occurring isotopes of medium

3w



heavy elements might be unstable toward alpha decay by energies up to
apeutrz Mev and still have unobservably long alpha decay half-lives
(greaier than ~10%° years),‘

Kehman6 has made an analysis of the binding energles for alpha
partlcles in medlum heavy elements, based on thejZﬁglrlcal mass equation
qgsBohr_and Wheeler7 and the experimental mass defect curve, On this basis
Kohman has predicted for the medium heavy elements that those,nuclides suf-
fieiently far to the neutron-deficient side of the beta stabiiity region
might exhibit observable alpha decay. The mass defect curve is not well
engugh known in the regions of interest to make very exact predictione°
A seﬁiempirical formula for alpha decay energy developed by Feefxberg,8
#é%iﬁg into account the finite eompressibilify of nuclear matter, leads
ye;the same general.conclusionSO ‘

- Stud1es9 of the systematlcs of alpha decay energy among the heavy ele-
ments have shown that, in accordance with the above mentloned theoretlcal
predlctlons, for a series of isotopes (constant Z) the natural trend of_
alphe decay energy is tO‘increase as the numbe; of neutrons is decreased,

. except for a large dlscontlnulty at the closed shell of 126 neu“brons°

\Whlle alpha decay energy generally increases w1th decreas1ng neutron number,
Epe energy available for orbital electron_capture or p031tron decay also
geperélly increases (aside from fluctpations due to nuclear'shell effects)
apd, éonsequently, half=lives fpr both modes of decay decrease, Hhether
eg}not by the removal of neutrons in the medium heavy elements alphe emis-

sion_would become an important mode of decay before the half=lives beasme

- inconveniently short for detection had to be tested by experiments.
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The'production:ef éﬁcﬁ highly ﬁeﬁirehmdefi@ient'ieetopes became feasi= -
ble w1th the completlon of the 184m3nch qy@lotren at Berkeleys for 1t was
shownlo that the highly exclted compound nuclei fermed by bombardment of
Lheavy and medlum heavy elements with 200 to 400 Mev alpha parta.eles9 deum

terons, or protons dissipated much of this exeitatlen energy by the evaporam
tion of the small nuclear partmcless predomlnantly neutronso Thus, fair
yielde of (d,xn), (p,xm), or (agxn) reactlons with x ranglng frem one to
twelve or more could be reasonably expeeted at high bombard;ng energ:,es° The
competltlonza of the fission reaction with neutren evaporatlon wa.s expected
to be much less serious in medium heavy than in heavy elementsoll

It, therefores seemed worth while to inltlate a eurvey in whleh tar-
:gets of various medlum heavy elements would be subge@ted to hlgh energy
partlcle bombardments and then examined for alpha rad10act1v1ty, For the
1n1t1a1 survey it seemed advisable to bombard with deuterons or protons
of reasonably high- energy (~200 Mev) and to examine the target materlal
for alpha radloawt1v1ty as soon after bembardment as pose1ble in an argon-
fllled icnization chamber econnected te & AScchannel dlfferentlal pulse ana-
'lyger 12 Thue in a¢dlt10n to deteetlen of alpha radloact1v1ty an alpha
particle energy measurement by cemparme@g with alpheueM1ttlng standards of -
known energy was ebtained Su@h an energy measurement msnaLLy suffleed
to dlstlnguish the soughawfer alpha aet1v1t1es from those ~alpha activities
produced from heavy-element impurities in  the target materlal The fact
that the coulomblc barrler for alpha partlelee is 1ess for medlum heawy
element nucle1 than for heavy element conteminant nuelel insures that the

eiéha fadipactivity fronm a medium heavy element is of lower energy than
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the heavy element alpha radioactivities of comparable alpha decay half-livess

In 1949 Thompson and co=worker52_repo;ted_some>positive results of
-ihis survey, the discovery of alpha radiocactivity in neutron deficient iso-
topes of gold and meroury and in isotopes of the rare earth elements con=
talnlng a few more than 82 neutrons,

The present paper is concerned w1th the detalled study of ‘the alpha
radioactive isotopes d;seovered in the survey, particularly in the heavy |
rare eafth region;e Also, several hitherto unreported alphauacfive iso-

'topesiin the rare earth fegion are reported,

It may be worth mentioning at this point that with similar short,
surveyftype bombardments with 200 Mev protons on tungsten, tantalum, sil-
ver, palladium, samarium oxide, and tellurium (Tel22) oxidel3 it was not
poss;ble with the techniques employed here to detect induced alpha radlow
act1v1ty other than that ascrlbable to heavy element contamina’c:.on° The
s1gn1f1cance of these negatlve results is only qualltatlve, faster, more

'sen51t1ve technlques may eventually uncover induced alpna activity in the
regions where initially negatiﬁe results were obtained, In particular, |
the prospect of obtaining bombardments of good intensity with 100 Mev car- .
non—ions in the Berkeley 60=inch cjclatron14;nas renewed inteérest in re-
peeting by this new means the survey for alpha.radioactivity in these re-
gions° Through carbon ion bombardments of neodymium oxide it has ‘been
shown that the hlghly neutron-deficient lsotopes exhibiting alpha activity

- can be produced w1thout producing large amounts of less neutron-deficient

1sotopes, whose betawgamma radiations make the search for small amounts of

-alpha activity more difficult. Larger amounts of the undesired slightly

-
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neutronmdeficient isotopes, which add to the beta~gamma background, are
1nev1tab1y produced by hlgh energy bombardments w1th the conventlonal bom-
bardnent partlcles (g1, HR, He4)

IT. EXPERIMENTAL METHODS
pAq‘ Productlon of Alpha Actlve Isotopes

For the productlon of the alpha active 1sotopes to be 1nvest1gated
three particle accelerators at the University of Gallfornla Radlatlon
,Laboratory have been used: the 184-inch cyclotron, the 60»1nch cyclo~
tron, and the 32 Mev proton 11near accelerator, .

Rare earth elements were bombarded as the powdered o:t:.des° Materials
of the highest available chemical purlty were generally used as target
uma,_ter::.als° Freedom from heavy element impurities (uranium, thorlnm, blsmuth,
and lead) was especiallj importaht in emperiments on short-lived actirities
where rare earth chemlcal separatlons were not fea31b1e° In‘the l&éxinch
' cyclotron the ox1des were generally bombarded w1th1n envelopes of 0 00025 inch
platlnum clamped to a probe w1th1n the cyclotron tank The probe could be
p051tloned w1th1n the tank to expose’ the target materlal to bombardment at
a radlus corresponding to the desired bombardment energy° Where metal foils
were bombarded in the 184~1nch cyclotron, they were clamped to target holders
at the end of the probe. In the 60-inch cyclotron alpha partlcle, deuteron,
or proton bombardmente; the rare earth oxides were bombarded in the special
target assembly developed for the transcurlum isotope work at thls laboram
tory and described in a recent artlcle by Thompson et alo15 This uater

' cooled assembly exposes the target to bombardment by the deflected beam of
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the 60-inch cyclotron. The G12 ion bombardments of rare earth oxides
were made within the vacuum tank, with the oxides wrapped in envelopes of

© 0.00025-inch tantalum foil, which were in turn clamped to a probe.

Bo Detectlon of Alpha Activity
Alpha activity was detected‘follow1ng bombardments by counting sam=

plee in argon—fllled 1on1zat10n chamber counters.ad;usted with the aid of
an oscilloscope such that they would count only the relatively large ioni-
zation pulses produced by alpha partlcles and not the "plle-ups" due to
beta-gamma act1v1ty, Alpha partlcles of the energles encountered in this
uork (2°9't9 5,7vMey) rapldly lose energy by ionization in traversal of
matter, Therefore,lit wae desirable that samples for alpha courting be
made as thin as poss:.‘ble° Samples were usually prepared by evaporation

f active solutlons on 5 mil thick platlnum discs. The diecs were heated
.to red heat 1n a flame to drive off all remain;ng m01sture and _to destroy
organic material in order to mlnlmlze'the7:%§§rptlon of alpha actlv;tyiln
tlie eampleoﬁ ©o i L, Despite the facu that target materials ofpgood'purity
yére used, there was often.enough alpha- activity present from heavy»element
contamination that it was found desirable_to,use as the detection‘device
the special argon—filled icnization chauber_and AS—channel‘differential
pulse helght analyzerol2 By counting the alpha radloactlvity in the pulse
analyzer ion chamber a measurement of the pulse height was obtained., The
alpha partlcle energy could then be calculated by comparikon with the pulse

helghts produced by alpha emitter standards of known energyo Slnce the

nuclear coulombic potentlal barrler for alpha partlcles is congiderably -

°



ldwgrkfor rare earth element nuclei than for heavy element nuclei, the alpha
particles emitted by the rare earth element nuclei have energies less than
that of any heavy element contamination alpha activities of comparable

alpha decay half-lives by at least 1 Mev. Thus, from the obsérvation of

- alpha particle energy and the alpha decay half-life of the activity alone,

an estimate of the atomic number of the alpha active nuclide can be made

" with an uncertainty not greater than approximately ten.

For each alpha activity observed in.the medium heavy elements it

would be desirable to obtain the following information: (i)“gAlpha‘particle

‘energy, (2) half-life of activity, (3) atomic number of alpha active nuclide

(element assignment), (4) mass nunber of nuclide, and (5) other modes of
decay, their accompanying radiations, and branching ratios between the |
décay'modes of the nuclide. The experimental methods employed for obtain-

ing such information aie disdussed in the appendix,

ITT. EXPERIMENTAL RESULIS

A number of the alpha emitting nuélides discovered among £he neutron=
deficient nuclides of the medium heavy eleﬁents have been studied individually;
Table I lists a number of these alpha emitters with some of their pfopertieso
Followlng the table the experimental results are presented in greater detail,
The + sign with numerlcal data precedes the estlmated 11m1ts of error, not.
the probable error., Experimental uncertainties in this work generally arise
from so many sources as to render statistical evaluation of pfobable error
1mpract1cal Figure 1 shows: the section of the 1sotope chart in which the

rare earth alpha emitters are 31tuated
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‘4. Europium Isotopes (2 = 63)
V ‘_;n the‘first'preliminary_report2 concerning this investigat;on it.was
stated that bombardment of samarium (z = 62) oxide with 200 Mev protons
produced.no significani amount oflalpha aetivityo This and other early
proton bombardments of samarium for short perlods of tlme (1ess than one
hour), whlch also gave negative results, indicated that alpha decay is not
a prominent mode of decay among those neutronadeflclent 1sotope6 of europlum
'and samarlum, whose half-lives are long enough (>3 mlnutes) to have been
observed h
Later 1t was found p0381ble by longer bombardments of samarlum targets
with protons or deuterons to produce enough of one europlum isotope, Eu147,
“to observe its alpha decay branching, Comparabie amounts of Eu145,vEu;48,
and_Eu149 have not shown detectable alpha activitj and are presumed to have
- partial alpha decay half-lives greater by at least a factor of five than
“that of Eul47, Following bombardment of separated isotope 62$mi47 oxide_
with 8,5 Mev protons and of natural samarium oxide with 19 Mev deuterons,
tnere has been observed a small amount of alpha activity‘nhich decays,nith
about a three week half-life., | |
After these bombardments europlnm activities were separated from the
samarlum target material by means of the standard eatlon exchange column
elutions described in Appendix I.3. The elutlng agent for the 82° C separa~
'tion was pH 3.4 citrate solution. Low energy alpha activity was detected,
gollowing»chemical separation, in the europium fraction.
Energy‘determination for the europium alpha'activity was made by pulse

analysis”of a thin vaporized sample,. The pulse analysis curve is shown in
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Figure 2, together with curves for the alpha energy standards Gdl48 and
m147 taken at about the same timeo . The alpha‘particle energy for the
standard Sm147 (a unlform, vaporlzed sample of Oak Ridge separated. Sm;47 :
oxnde) was taken as 2,18 Mev from the work of Jesse and Sadauskis91§ The
energy for the standard Gd'48 is taken as 3.16 Mev, the determination of
wuich ds described in theafollowing,section;:;II B;~nB&_lineuraintéfpolé~
t%on between the“ctandardc the’alpha particle energy:cf;thisfcufopiuu activi.
.ty'is determined.fo bef2°83'Mcv:uith estimated limits of error i.OaitMév;
. T@e alpha actiuity péck at}3°16]Mev in the europium sample is presumed to
be due t°qu148; formed. by alpha particles contaminating the 60~inch
cxclotrou'deutercﬁ;beém;mﬁThe caticn exchange separation does not separate
gddolinium complctely from europium'undcp‘the conditions used inithis work,
| Chemical proof tht:the 2,88 Mev-aipua activity is due to é5§2?9pium,,
uuclide and not toﬂa‘gudolinium nuclide_(whichvmightdccnceivably the‘been
puoducedbby alphg.pafticleclin the:deuteron cr‘é:oton‘beams cf theléoginch
cyclotron) has been made.byvsubjecting a,mixturc;of awcamplefccntdiuiug "
2;88;M3V alpha activity and G148 (3,16 Mev) alpha trcccr to‘a.scdium amal-
gem reductiou seﬁaration (Appendix 103) »Alpha pulcc‘analysis of activity
in the reduced fraction and of activity not reduced showed the predomlnance
of 2.88 Mev alpha activ1ty in . the’ reduced fractlon (europium) and of 3 16 Mev
alpha activity in that not reduced (gadollnlum)
| From the deeqy curve (Flgure 3) for the total count rate summed over
the 2. 83 Mev peak on the pulse analyzer, a value of 26 + 4 days was deduced
for the half-life of the ac'blv:.ty° -The large limits of error on the half-

life determined from this curve arise from the statistical uncertainties
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aptending these determinations of such low counting rates and tﬁe faétlthat
decay could ohly be followed through a decay factor of three.

'_'vg>g§nerél gtudy of the neutron deficient eurobiﬁm isotopeé by'Hoff9
17 pas been réceﬁt;y made by‘prqton and.deuté}oﬁ
bompardments of isotopically enriched samarium oxidel3 targets. vThé iso=

tope Eu47 vas found to decay predominantly by electron capture with a

half-life of zﬁﬂi 2 daysvas determined from Geiger counter decay curves,

None of the other neutron deficient europium isotopes with mass numbers

‘between 144 and 150 haveé half-lives near 2, days. Hence, the 2.88 Mev

alpha activity in europium must arise from Eul47,
Determination of the branching ratio between alpha decay and electron

capture in §u147 is difficult, since the detailed decay scheme for the

: éleétron capture process in'Eu147 has not been studied yet. ﬁengeg it is

- not known what to‘assume for the counting yield of a Geiger-Mueller counter

for the radiations accompanying electron capture decay of Eu147o In order

" to make a rough estimate of the a/EC branching ratio'in Eu;47 the decay of

the 24 day activity was followed by counting the same thin vaporiied sample
in the alpha pulse analyzer and in a windowless methane proportional counter

(Qﬁéleometerls) operated at 5 kev, The counting yield of the nucleometer

~ for electron captﬁre decay is generally much higher than that of a conven-

t;onal geiger counter since the nucleametef counts Auger and conversién
electrons of low enefgies which would be stbpped by the wihdow-of a geigér
éguntera It was found in this iabqfatory for a few heavy element electron-
cépturiﬁg»nuclides'whose absolute disinfegration rates can be calculated

by observation of growth of their alpha active daughters that the mean
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'c?u{xting yield pf 30 percent fo r the electron ca_ptu?e process in the nucleo-
meter is not greatly in error for any of the examples studied. _Assuming

_ Bthp_ezl'cgn't counting_yield for the electron capture decay of Eul47 in the_
nucleometer and ‘a counting yield of 40 ‘percent for the alpha decay in the
Aa.]A.pha pulse »an‘a'lyzer, the branching ratio was calculgt_ed to be roughly
 /EC X 1 x 1075, With @his tranching ratio the partial half-life for

alpha decay is about 6 x ,1_03- years; It is evident that the uncertainty

o{' thi.s_partial alpha half-life éstimate is largely due t6 the:.counting

vield assumption for EC. It is probably reliable within a factor of. three.

B. Gadolinium Isotopes (Z )

lo 3 16 Mev Gdusov Af’ter a bombardment of dysprosium oxide with
200 Mev protons a small amount of a long=1ived, 1ow energy alpha activity
was found. Subsequent bom‘bardments showed it to be produced in much larger
yield by 38 Mev alpha particle bombardment of natural semarium oxide or, in
still greater yield, of samarium é;n-;‘i.cehedl3 in sm47, Also fhi_s activity
was produced in large yield by 50 Mev proton bombardment of europium oxide
and in low yield with 32 Mev protons. |
' : Bomba.rded material containing this activity was subjected to chemical
sépargtion byr stahda.rd cation exch_a.nge ‘eolumn e‘lutions a.nd by sodium amalgam
r‘gduéticn shich procedures are described in Appendix I.3. In all these
squraﬁons the long lived alpha activity remained with the gadolinium
fifactioh. _

-‘l‘he.alpha particle energy of this long lived gadolinium isotope was

determined by pulse analysis and comparison with alpha-emitting standards
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of known energy by use. of ‘a pulse generator/ dlscussed in: Appendlx I.1..
‘THe energy was determlned as’ 30156 Mev from the plot in Flgure 12, An
earl:.er determn.natlon us:.ng fewer standards gave 3,18 Mev, The value
3. 16 + 0, 1 Mev was selected, with conservatlvely large error 11mits selected
becanse the'a’lpha energy standards »-used were' of much‘higher energyo» ‘_

_ “The- 3 16 Mev alpha activity is too long 1lived for - a halfml:l.fe deter= .
minat:.on by the usual decay methodso A small sample (158 alpha dn.sinte- |
grations per mlnute) of th:Ls actlvn.ty was oounted at 1ntervals dur:.ng a
perlod of one year in-a- standard 211 geometry 3.onn.zatlon chamber alpha coun-
ter and d1d not ‘decay detectably (<2 percent) - These countlng data esta-=
bl:.shed a lower limit of 35 years for the haZI.i‘«ZL::.,feo

The detemlnatlon of -mass nﬁmber of the gad'olin:.nm j»J.so’oope glv:Lng
rJ.se to this actn.v::.ty was made on “the basis: of -the exper:l.mentally deter-
mined exc:u.tatlon functa.ons for 1ts productmn by alpha partlcle bombardment
of enrlched samar:.um (Sm147) onde 13 and by proton bombardment of natural
europ:.um,, The alpha partlcle exc:.tatlon functlon, shown m »F:Lgure 4, was
determined _by _bombardment in .the .69-1nch c;;clo_tron and tn‘e pro’gon function
by 31 Mev proton bombardment in the rlinear accelerator, vusi;ng the modlfled
stacked foil techn:.que descrlbed in Appendlx 1040 No spec1a1 collmatlon
to reduce the energ;r inhomogenelt,,r of the alpha par'blcle ‘beam was used
In the transfer of bombarded oxides t.o platlnum plates for count:.ng, 'bhe
| ,‘ox:.des were dlssolved in 12 N HC1, - prec:.p:Ltated as the hydrox:Ldes by addition
oi_f ammonia gas, washed with water, and:. slurr:_Led, ﬁonto plat_lnm plates for

counting.



=16~ ' UCRL~1473

_?he element assignment of the 3;16 Mev alpha activity to gadolinium
xfeduced the mass assigmﬁent pr,oblexﬁ t§ that of deciding whether t_he gxcita—
tion _fu.ncjﬁion' of Figﬁ:pe 3 with reactiofx tﬁreshold 28 - 30 Mev is bthat of an
(¢sn), (a,2n), (a,3n), or (ay4n) .reaction, 'The choice should be consistent
- with _the observation in the proton excitation function of ‘about a 30 Mev
th:eéhbld for thé _Eul51(p,xn)Gd152‘*”x reagtion. Since statistical theory
| pred:x.cts, .g..s bombarding energy is increased, a very gradual onset of reac-
- tions :.n wh:l.ch .éeveral neutrons are evaporated, the actual énergetic thres-
holds are prébably below the evs"t.imates from these insensitive .exper:‘i.me‘xixts‘o
.'_flfheore-ti.cal esf.imatgs of ga,:m) and (p,xn) enérgetic :thresholds were made
by calculation from masses in the atomic mass table of _Metropolis and
“Rgitx_vies‘neb_rm (based on a semiempirical mass formula of Fermi), Table II
iists theée"values; | _

| Table II -

ca;cﬂated Reaction Thresholds from Fermi Semiempirical Mass Equation

Reaction C . Threshold

. (Mev)
TR — s
(o;3m)cals® x4
(@,4n)Gals? B 34,40
expt. o ~28 = 30

Eul5}(p,3n)cal4? | 17.9
' (p,4n)Galsd | - 25.5
(p,5n)6al47 - .' 3%.9

expt. ' ~30
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~Thfa comparisoﬁ of the experiméntal and'fheoreticalivalues in Taﬁle II
ipdiéate'a probable mass assignment of the 3.16 Mev alpha activity to
VGdi%?,_although the possibility of an assignment to Gd147bis not too improb-
able, particularly vhen it is realized that the calculated thresholds would
be lowered by a decrease in neutron bindlng energy that might be expected
for several neutrons beyond the closed shell at 82 (cf° Harveyzo) _lh@
mass assignment to 148 rather than to 147 seems more cons;stent w1th the
long half-life (>35 years) of this activity, for the even-odd nuclide ald?
should have about 2 Mev more energy a§ailable for electron captufe décdy
than evén;even nuclide Gdl48, R
- It is possible to make a very rough estlmate of the partlal halfnllfe
for alpha decay of Gd148 from the yleld of 3016 Mev alpha act1v1ty produced
in the excltation function bombardment qf sml47 with alpha particles if an |
approximate value is assumed for the (&,3n) reaction cross section, ‘From
fhe observed yield fof 36 Mev alpha-particles with a beam of meaéuréd inten-
slty it was determined that T1/2a /»:(q93n) X 1.4 x 102.years barn~l, The
(d;xn) cross sections in the rarexearth region are not known, If it is
_véssﬁmed that this cross section is about one barn, as was found for.the

(ay3n) reaction on Bi299 at the same energy above the (ay3n) threéhold,zl
the "qstinébe of the alpha half-life of Gal48 would be 1.4 x 102 years. This
estimate may be reliasble to a factor of three, | |

The.presence of long-lived eleéiron;capturihg gadolinium isétopes in
the samples containing Gd'u8 make it impossible at preéent by simple beta~
gémma counting to set a sighifieant lower 1limit on the branching ratio be-

tween alpha decay and electron capture, if electron capture is a mode of
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?decey}ﬂ The possibility that cal48 may be stable with respect to electron
capture'deeay can neither be ruled out nor confirmed by present data.
2 ﬁlpha activity of other gadolinium isotopes., Following a bombard-
ment of 200 mgm of samarium oxide with 31 Mev alpha particles a chemical
_separatlon by standard cation exchange oolumn elution at rocm temperature
(Appendlx I°3) was made, 4 sample plate of the gadolinium and europium
q?emlcellfractlon was prepared by'vaporization} & small amount of 3;16 Mev
_Gd;48 was observed in the sample; in addition there was some activity with
elpua energy of about 3.0 % 0.15 Mev which decayed with a half-life of about
a week, This 3.0 Mev actiuity.was.not observed following intensive deuteron
(19'Mev) bombardments of Sm203 and, hence, @anuot be europium, The 3;0 Mev
actrv1ty was assigned to Gdl49 ~which has been studied by Hoff et al. 17 ana
found to deeay mainly by orbltal electron capture w1th a half-life of
9 + 1 days. Ihe q/EQ branehlng ratio is about 7 x 106 from comparison
counting in the alpha pulse analyzer and ﬁhe methane proportional counter
(nucleometer) on the same counting yleld assumptions as were made for the
Eu147 a/EG estimation (1 eo Gy Ooo EC 0.3). This branching ratio figure
is probably goo&>to within a factor of three. This branching ratio would
correspond to a partial alpha half-=life of about 4 2 103 years.,

" It has been suggested by Kohman®? that Gal50 might' be stable with
respect to electron capture although it is miSsing in nature. Thus, like
_Sml46 Gdl50 mlght be so missing because 1ts alpha decay halfmllfe is

elements
much less then the age of the / (1 e, T1/2 < 108 years) . ~ In the hope
that the alpha half-life of G450 might be short enough to detect by eyclom

tron production a 45 microampere hour cm=? irradiation of 40 mgm of Fuz03
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with 19 Mev deuterons was made, 6150 should have been produced in fair yield
by the reaction Bul5l(d, Bn)Gdl50 ' - ) | '_ |

 Following bambardment the Eu203 target material was dlssolved in 6N HCL,

‘the“rare,@arth hydroxides wers precipitated with ?meUias and'gfter redissolving
with a minimum of 6N HCl a chemical separation of europium (and partially
samarium) from gedolinium was made by the sodium amalgam procedure, (Appendix 103)

A thin uniform sample of part of the gadolinium fraction on a platinum
plate was prepared by the volat;llzatlon technique (Append:x 1.1), This sample
exhibited (Fig. 5) a minute amount (0,45 alpha dlsintegratlona/minute) Qf alpha
activity of 2.7 7 0,15 Mev energy., The presence of short range alpha act}vity
in the gadolin@um fraction was further confirmed by Dunlavey;23 who iﬁtroduceq
.some of ?he gado}igium fraction into the emulsion of an Ilford C2 photographic
plate and allowed 1t to st and for §evera1 days before developlngo Microscopiec
'examinaticn of the developed plate revealed a mumber of alpha particle tracks
- with a mean range of about 907.micronso‘ This range corresponds to an alpha
particle energyﬂof_2074>Mev on'the'range=¢nergy cﬁrves of Rotﬁlét024‘ )

The assigmment.of this alpha activity to Gal50 can at present be no more than
a_tentativé suggestion based principally on semiempiricgl“considerations of the
~ probable expected alpha decay energy for Gdlso Iﬁgufficient time has elapsed
to rile out the p@ssibii¢ty %hat this aytiviiy'eould arise from 155 day25 Galsl,

Sun_gi'g;hpé-have reported observing an‘alpha activity of 7.0 hour
halfslife from a bombardment of Smy03 with 30 Mev alpha particles, This
activityﬁwas.éssighed by them to gadolinium, since it was“ﬁot produged”@y
proton (8 Mev) and deuteron (15 Mev) bombardments on Smp03, They do not
mention any alpha particle snergy measurements nor any ehemical separations,
In_appareﬁt contradiction to this ﬁé 7,0 hour rare earth alpha activity
has been observed here following bombardments of Smp03 with 30 Mev'alpha_ )
Ear@iél&g-and Eug03 with 30 Mev protons, TIn nearly all bombardments here

it is obgerved that some alpha activity due to traces of heavy element
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_(prapipm,mthorium, bismuth, or lead) iﬁpurities in the target materials
i§19roduc¢d9 ;t has generally beén necessary to make alpha energy measure-
mepts or chemical separations or.both to make sure that observed alpha
acﬁiyity wasvdue to rare eérth'nuclides and not to heavy element contami-
n?antso For example9 the 7'5 hour alpha emitter At21l would be produced

1n good yield by 30 Mev alpha particles on an extremely small amount of
bismuth impurlty by the reactlon 31209(a 2n)At211 This possibility should
not be 1gnoredq ‘&n alpha particle energy measurement on any newly discovered
alpha emitter in the rare earth region needs to be made as proof in view

of the probability of heavy element impurities in small amounts.,

C., Terbium Isotopes (Z_= 65) |

In a prglimingry report2 the discovery of rare earth alpha emitters
wnth alpha particle energles of 4.2 and 4.0 Mev and half«llves of ~7 minutes
and ~ hours, respectively, was reported and their tentatlve a531gnment
to terbium made. Subsequent work provided chemical proocf for the assign-
ment of the latter activityvto>terbium (3;95 Mev,‘4ﬁl hour). The seven
minute activity, whose half-life is too short for chemical identification
of the element, was reassigned to dysprosiﬁm'(z_- 66) on the basis of later
bombardment data. Its appearance in low yield after proton bombardments
of gadolinium oxide in thé first experiments was probably due to a small
amoﬁnt‘of_terbium present in tpe target material, A second alpha emitter:

in terbium (3.44 Mev, 19 hour) was also observed and studied,
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1o 3.95 Mev Tb149, This alphe emitter of 4.1 hour half-life was the

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

a bombardmenp Qf'gadqliniup oxide witb»ZOO Mev protons, Subsequently, the
A,l hqur alpha.aqtivity was also p;odﬁced by bombardment of terbium oxide
with 120 Mev protons, of dysprosium oxide end ytterbimm oxide with 200
Mev protons, and of europlum oxide with alpha perticles of 90 Mev, 120
Mev, and (1n'V 3 percent of the 90 Mev yield) 60 Mev alpha particles, It

was produced in very low yield in a bombardment of gadollnlum oxide with

31 Mev protons,

Following a number of these bombardments chemical separations of the

._rare‘eartp produqts were made by the standard cation exchange column elu-

tions described in Appen@ix I.3. The 4.1 hour alpha activity was always
observeakexclusively in the ierbium chemical fractionso_b -

‘Fig, 6 shows alpha pulse analysis curvas of.the-A,l hour terbium
alpha activity and of a.IU234 = 7§35 standard, both being thin, uniform
samples _prepared by volatlllzatlono From the positions of‘the'leading
edges of the U234 and the U235 peaks the energy scale can be determlned°

The leading edgeﬂofmthe_Tpl49 peak corresponds to an energy of 3.93 Mev.,

- Other ehergy determinations were in close agreement with this, A weighted

average of three determinations glves a best value of alpha particle energy

.of 3 95 = 0 04 MGVQ

In Fig 7 is plotted the decay curve of the total alpha activity in

 the unseparated material produced in a 15 minute bombardment of gadolinium
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oxide with 75 Mév protor;_s° ‘The 4;1 hoﬁr activity is seen to be by far the
' predomlnant act::v:x.ty° Frcm this decey curve, making a minor'cofrection
for the presence of the 19 hour alpha act1v1ty9 the half-llfe of T4 vas
set at 4.1 * 0.1 hours,

The mass number 149 was assmgned to this act1v1ty on the ba51s of a
mass spectrographlc determlnatlon prev1ously reported 27 - |

No p031tron activity w1th deo l hour halfallfe could be: observed in
Samples containing Tb149, but it has not been so far possible from direct
ccunting data to make a significant estimate on the braﬁching ratio between
axpha‘decqy ehd electroh captureg as all sampies.containingvib149'also
ccntained,presucably.some 5 hour $b1569_uhichAdecays bylelectron captureQQSf

2, réoﬁ.Mev Terbium. High energy (100-200 Mev) proton bombafdmente'
of gedolinium oxide; terbium oiide;vand dysprosium oxide; aod alpha parti-
c;e bomberdments of europium oiide werefobserved to produce some alpha activi-
ty of 19 hour half-life. |

>Ecllouihg proton bomoardmencs of gadolinium oxide and of dysprosium
.Oxide,ithe terbium activities wvere separated from the gedolinium taréet
materlal by means of the standard cation exchange column elutlons described
1n Appendlx I.B° ‘For the 87° G separatlons pH 3,4 cltrate solutlon was
'used as the elutlng agent ThlS alpha act1v1ty was found exclusively in
the»terblum chemical fraction. 4n alpha puise’anelysis curve of lcoill.umnu=
separated terbium alpha ectivities from a bombardmenﬁ of dysprosium oxide
ﬁith 200 Mev’proions is shown in Figure 8. From the puise aﬁalysis of a
standard sample of U234 and U235 the energy spread was determined as |

26qi kev/register. The separation between the 1eading edges of peaks for
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the 19 hour terbium and 4.1 hour terbium alpha activities is 20,3 registers,
corresponding to an energy difference of about 0; 53 Me‘#., This difference
vrgs‘chécked in several 'other measur'ements;, Since the 4;,1 hour activity has
an glphé mrticle energy of 3;,915 + 10;,_04 Mev, the energy of the 19_hour-
terbium is calculated to be 3;,4.2 Mev, From-an avefage of several measure-
ments the energy was gset at '3;,1;,4 i O;,l Me"xr° _ .

: In Figure 9 is plotted the decay curve of the Bo[p Mev pea.k;7 where
- the counting rates were determined by téking the total counts under the
peak on the puisé analysis curves and subtracting a background, From this
curve the half-life qf the ac-tiv'ity was determined as 19 + 1 hours.

_On;.y a tentative mass assignment of the 19 hour activity .can be made

at pre_sent., The observation was madg frpm a series of three alpha mrticle
bombardments of europium oxide at 60, 90, and 120 Mev that the yield of
19 hour activity relative to the 4.1 hour is greatest for the 60 Mev bom-
bardment in which the yield of the 4.1 hour actlmty is much 1ower than
at 90 or 120 Mev. The 4.1 hour o249 can be produced. ‘by Eulﬂ(a?én)T'bug or
Eu151(a98n)Tbu9 reaction, In the 60 Mev bombardment the Bulol(a,6én)THl49
reaction was probably pro; eedmi iust abavz Sgts emerﬁ%:gm‘ threq?ﬂgld- and is
thus in low yield, while the Bul®3(q,5u)Tbl52 and E*cz-‘L-aB( 6,4%)Th123 reactions
would have shown considgarabiy higher yields at 60 Me%’r than at 9@ Mev or
120 Mev, 'F,_rbm such considerations it would seen that the mass number of
the 19 hour activity is probably greater than 149, the mass mamber of the
4.1 hour activity. No alpha activity (a/EC < 5 x 10-6) was found by
Wilkinson?€ for terbium isotope‘s " wl;iéh Acbuld be produced by bombardment

"of Eun0q by 38 Mev alpha mrticles, that is, with mass numbers 153 and
1203 A_
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gjrégtgr‘;,i _Hence, the 19 hour alpha emitter probably has the mass mumber
1509 151, or possibly 152, It should be possible by further excitation
f@mg‘bion work with alpha particles on europium to make an exact mass assign-
ment,

, Theoretlcal half-1ife-energy relations for alpha decay lead to the
g?nclys;.on that the predominant mode of decay of the 19 hour tejr’b:r.um a.lpha
em::.tt.er must be orbital' elggtron_ captﬁre or positroh 'e_missiono The pres-
.e,lfszc;!e‘_.of 17.2 hgﬁrj".['blﬁg however, which decays by electron cepture and
positron vemis’sionpzs in all samples of the 19 hour terbium has hitherto
zpa@.g impgs?ible any direct determination of the branéhing ratios between

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

D, Dysprosium Isotopes (Z 66)

The three dysprosn.um alpha emltt.ers listed in Table I were observed
following h:Lgh energy proton bombardments of sc_e_veral rare earth elements
with atomic number -greater than 64° They were also produced by 100 Mev 012
ion bombardments of neodymium (Z = 60) oxide by Nd,(c;'-_zgm)py reactions.

The alpha energies and the half-lives of these isotopes were determined
follom.ng bombardments of terbium (2 = 65) oxide with protons of about
100 _Mev energy. ’

With regard to the possible mass assignmenté of ﬁhe three dyspro_sim
activities of 4.2), 4.06, and 3.61 Mev energies, it is to be noted that avll.
th;'ee are produced in good y:'i_.eld by 100 Mev protons on terbium, The 4;06
and 3;-,;61,' Mev activities are apparently produced in extremely low yield by

70 Mev protons on terbium. The cross sections for production of all three
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stprQSium alpha emitters undergo large inCréases somevhere between 70 and
1@0 Mev. An approximate‘theoretigal calculétion, of the type that has
ﬁéenuout;ined by Eefmi,zg of the most probable number of neutrons to be
?f%?@?%t9d fipnlthe compound nucleus Dyléo,‘(Tb159 + Hl); excited to a
maximum of energy by 7OUMév'or_100 Mev protons is 6 ; 7 or 9 = 10, respect-
'ive,ly° The dysprosium alpha emitters then would‘mostllikely be produéts of
- 16%59(p,xn)Dy100-X reactions with 7<x<ll, allowing the limits 153245149 to
be set pﬁ the mass numbers. It'is hoped that further studies of ﬁombard»
méntvyields pf:these alpha emitters in the proton energy range between

' ZO and 120 Mev, will enable one to set better limits on fhe indiﬁidual
mass numbers.,

No_ianrnatioh concerning 6tﬁér mbdes of decay, such as'eléctron
capture or positron emission, has been obtainedYYet for any of the thrée
dysprosium alpha emittefsa

. l; 4ol Mev Dyspros:.um° Bombardments of terbium oxide wifh 100 Mév
protons and bombardments of neodym;um oxide with ~100 Mev 012 ions were
observed to produce some alpha activity with a seven mlnute halfmllfeo

A probable element assignment is made by‘noting the bombardments in
which this activity is produced and those in which it is not, Its production
by protdns on ﬁerbium and by carbon ions on neodymium (2 = 60) restricts
the:atomic number of the seven minute activity to 66 or less.  Also, its
atomic number must be greater than 65, for it was not produced by bombard-
ments of europium oxide with alpha particles at energies of 60g‘9Q,_and
lQO_Mevo‘ Hence, the seven minute activity is attributed to a djsprpsium

nuclide (Z = 60).
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Energy Qéﬁerminaﬁioe for the seven_minute dyspresium activity hasvbeen
maqe frem the fifsﬁ and second of the a1pha pulse analysis curves of activia
tiee.frem a bombardment of terbium oxide with_lOQ Mev prqtgns for ten mim-
utes, shown in Figure 10, The separation betwsen the 19 minute and 7 min-

gte;peaks is seen to be 4;2 iiooé registers. ;Galibratien qf“the‘pulse ana-
lyzer at these gain settings, using U23§ and Gal48 standards, determines
ﬁhe‘epergy-s@ale as 35.4 kev per'registero _The energy difference between »
'tge'geéks is, thefefere, 4;2 X 0;0354 = 0;15 * 0;02 Mev, The alpha particle
:energy of the 1§'minute dysprosium activity was determined as 4.06 % ddpA‘MQVo
| The alpha partlele energy of the seven minute act1V1ty is set then at

4021 + 0,06 Mev,

Figure 11 shows a plot of the decay of the two highest energy dysa
pres1um alpha peaku The countlng rates were calculated from the summation
of the counts under each pulse analysis peak, The half-life of 7 i 2 minutes
is determined from the slope of the decay curve. Other half-life determin-
atlons agree w1th1n these llm;tso

2o 4906 Mev Dysprosium, Bombardments of terbium oxide with 100 Mev
‘p;etone end of'dysprosium.oxide with 200 Mev protons were oﬁserved to pro=
qgce alpha activiﬁ& with a 19 minute halfwlifeoa

: Ihe-assignmepﬁ-of this activity to dysprosium is made on the basis of
i?s_appearance in the 100 Mev protoﬁ bombardment of terbium oxide and not
‘iﬁ'aipha parficle bembardments of eurepium oxide at energies o£Q6OMMev,

90 Mev, and 120 Mevo The alpha pirticle energy of the 19 minute dysprosium-
act1v1ty is determined from the plot in Figure 12 as 4.04 * 0,04 Mev by

pulse analy51sg using a pulse generator comparison technique deseribed in
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Appendix I,1. |
.Eigurel 11, _réf.ex_‘red to in the previous section, shows a plo‘bvéf the
decay of the 4,06 Mev alpha pesk, Frem this plot the half-Iife of the
éctiyity' is set at 19 mimutes, Other half-life determinations check fair-
1y we],l-; suggegting ﬁhe error limits + 4 min‘uteéno B
34 3.6 Mev Dysprosiﬁno- _Bbmbardments of terbiun oxide mth 100 Mev
and 120 Mev protons and bOmbardﬁents of neodymium oxide with %lO().Mgv_Glz
iéons have produced some alpha activity of 2;,3 hour half-life, .
 The element assignment to dysprosium is made on the basis of a chemi-
cal separation. of the products of a 120 Mev préton bombarciment of terbium
o:dde; The separation was made by standard cation exchange column elution
&t 780 C using pH 3.3 citrate solution as eluting agent, as described in
 Appendix 1;30 | |
- The alpha particle energy has been determined best by the pulse genera-
t§r:_"’technique described in .Qppendik I,1 and is shown on the plot in |
F:.gure 12. The alpha parf,icle energy ._i*..sldfetermined to be 3.61 .;!_7_6,,-08 Mev.
_ Figure lj is .a semilog_ plot of the decay through two halfmlife‘ periods
of the alpha counts under the 3;61_Mev peak on the pulse analyZer,o The

hé.lfelife is determined ‘from the slope to be 2.3 % 00_2: hours.

E. Other Rare Earth Elements
There is good evidence of short half-life alpha activities in rare
-eé.rth elements with atqmic mumber greater than 66, that of dysprosium,

although no systematic study of them has yet been made.
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A short bom‘bardment of dysprosium oxide with 200 Mev protons ,produced,
:Ln additlon to several a@tl‘m‘bles in ter’bwm and dysprosium which have been
prev:.ously d;:.scuqsed (Seet:.onq IIIC and D)9 some a.lpha activity mth about
a fou.r minute half‘ual:xfe and 462 + 0015 Mev energy.: This activity probably
arises from a holnum (2 = 6‘7’) isotope., . | _

4 short bombardment of samerium (2 = 62) cxide with 100 Mev C32 ions
was observed to produ«,e some alpha sctivity w:i."t.h about a 3 1/2 minute-half-
lif-e., No energy measurement of the alpha partmles was made; so the possi-
‘b:x.l:.ty that this a,cbum.ty came f‘mm heavy elemenb impurities in the tar-
get material ca.nnot be :mzled. out,9 but :z,t seems .probable that this achivity
was due to a holmmm (Z = 67) or erbium (Z 68) nuclide.

It appears that no apprec:.able alpha branching is ex’n:x.bited by neutron=
def:l.c:.ent nuclldes of atomn,c number 67 to. 69 with half-lives of mtermed;ate
length (>1‘hou_;')°_ .A two ‘hour bombardment of erbium (Z = 68) oxide w:,'bh
>2OO Mevw proton° was made9 and chem‘cal separation by cation exchange column
was c,ompleted two hours after the end of the bombardment. No alpha activity
was fou.nd Ain the f’ractlons corresponding to elements with atom:.c number
greater than 66 (dyspros:l.m)., (The 2.3 hour dysprosium alpha activity and
the l;ol hour terbium activity were pro_minent in' their respecfbive chemical
fractions.) In a éearch for longmlived alpha activity a target of ytterbium
oxide (2 = 70)' was giver; an intensive irradiaticn.‘by protons of 150 and
250 Mev for a toté.l of about forf'y hou;'s; After several days a chemical .
separation by standard .c.a'tion exchange eolpmn elutions was made. No alpha
_ actiirity :m any of 'thei rare earth elem‘en’;‘s was found except for the 3.1y Mev

" alpha activity in gadolinium due to Gd¥48,
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No alpha aetivities in nuclides with atomic numbers less than 63
(europium) have yet been observed in this investigetion9 exceﬁtiﬁg; ¢f'
course, the natural alpha emitting isotope Sm.147o Only a few;shori survey
bombardments have been made in this region. | |

The best chance of observing alpha activity in an artlflelally produced
samarium isotope is probably in the 84 neutron isotope_SmJAé, whie? is pre-
sumed beta stable®® but is missing in nature., -

It seems likely that some of the huclides conteining 84 or'a few'
more neutrons of the elements of atomic number greater than 66 w1ll exhlblt
appreciable decay by alpha partlcle emission, It is to be expected howa
ever, that the increased energies aveilable to.the electron Capture or
positron decay process will result in very short'halfelives for:these is0=-
topes. Those nuclides with half-lives greater than a few minﬁtes in these
higher elements are probably so many neutrons beyond the 84 neutren eonfiguran'
tion favorsble to alpha decay that they will show unobservably low alpha

'decay branching.

F, Gold Isotopes (& = 79)
1. 5.1 Mev Gold, Following bombardments of gold foils with 200 Mev
‘protons or 190 Mevvdeﬁterons and of platinum foils with protons of as low
energy as 100 Mev, an alpha activity of 4.3 minute half-life wae observed .2
| This activity was assigned to gold on the basis of a ehemlcal separam
tion procedure utilizing extraction of the chloride 1nto ethyl acetate as
deseribed in Appendlx I.3, The alpha activity in the gold fractlon was

counted within thirty seconds follow1ng chemical separation and no ev1dence
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of deviation-from the simple 4.3 minute decay was found. From nhis evidence,
it can be stated that the alpha particles are emitted either by the 4.3 min-
ute“éeid nuelide.or by its nlatinum daughter nuclide (from positron or
electron capture decay) with the half-life of the daughter less than 15 sec-
onds, the latter peseibility seeming unlikely but possible.

7' By alpha pnlee analysis the energy ef the 4.3 minute. alpha particles
'wgs_determined as 5°O7vi 0.1 Mev, Comparison standards‘Pn239 (5.1 Mev),
Am?Al (5.48 Mev), and Qm?42 (6,08 Mev) werevused in the‘determinationo

| The halfwlire-of 403 * 0,2 minutes has béen determined from alpha
‘ decay curves extending through a decay factor of 100,

The limits set on the mass number of the gold alpha emitter are
renher indefinite,‘besed’on'evidence concerning bombardment energies
" necesearyhfor its production., Tentative limits of 183 < A < 187 have
' been set. |
' Chemlcally separated samples contalnlng the gold alpha act1v1ty were
counted with standard Gelger counters, with and withcut berylllum and lead
 absorbers, & compenent with approximately four minute half-life can be
vrésolved frem the decey curves, From comparison of counting rates with
different'combinations ofvabsorbers iﬁ was possible te determine an approxi-
'mate‘fignre for the abundance of electromagnetic radiation with four minute
helf;life of ebout the energy of platinum K x-rays. The ratio of alpha:
disintegretione to four minute K x/rays was about 104, If bothvradiations
ardse from the same isotope and if roughly one K x-ray per electron’capture ‘
d1s1ntegratlon is emltted then the a/EG branching ratio would be 10™ ~4 as
reported in the 1949 paper.,2 This branching ratlo should be regarded as
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very tentative, pending further work ﬁofcheck the assﬁmptioﬁs involved,
G. Mercury Isotopes (Z.; 80)

10 56 6 Mev Mercury. Following bombardments of gold f01ls w1th
190 Mev deuterons some alpha actrv1ty of 0, 7 mlnute halfwllfe was observed
; This activity was a531gned to mercury on the bas1s of a chemlcal separa-
" tion by volatilization (see Appendix 103) from the gold f011 v |

Its alpha partlcle energy was determined to be 5, 60 + 0.1 Mev by alpha
pulse analy31s°- Its half-life was determlned to be 0.7 + O 2 mlnute fram
decay curves of the 5,6 Mev alpha peak from the pulse analyseso f'f'f%1

No work to determlne the threshold bombardment energy for p;oductlon
of this act1v1tyAhas been done beyond the orlglnal 190 Mev deuteron bomn
bardments; hence, no significant limits on the mass number can ée?;ét ét

this time.

v, vDISGUSSION‘
Ao Alpha Décay Rate

The alpha emitters in the rare earth region are of special interest
_in that they provide dats on the rate of alpha decay in a region considerably
removed from the heavy element alpha emitters. ‘ I A

Of the rare earth alpha emitters with known decay .energies onlj the
naturally occurring Sm147 has its partial half-1life for alpha decay well
determined. The partial alpha decay half-=lives of Eﬁl¢7,,Gdl49,wand Gd148
- are known with a factor_of three uncertainty. For most of the other élpha

emitters studied no estimate of ¢/EC branching ratio can now be made; for
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tpeSe, of'cogrse, it can be stated that the partial aléha‘half-lives are
greater than the experimentallyaobséfved half-lives, Conclusions from so
“few data must be very tentative. Yet it was felt worthwhile to present
'vfhe results of extrapolation to’the rare earths of several decay formulas
used in the héavy element.fegion. ‘ A
| For comparlson alpha decay halfwlxves have been calculated by extrapo-
'latlon of formulas 1n whlch parameters have been adausted to give good agree-
ment wlth the élpha decay rates of thg,evep-even type'alpha em;tters among .
' the heé;y elements (excluding the poloniﬁm isotopesBQ), Four different
| formulas (ihe firs@ three using.WKé approximation.expressions for the barrier
penetrability factor  and the fourth a similar expression calculated by the'method
of steepest descents") have been employed, the chief point of difference between
the formulas being_the différent expressions used for the effective nuclear
radius forvalpha partiéles.

The first three formulas used can all be expressed generally as a

product .
1
X = A(E) /2,

vhere \ is the alpha decay constant in sécond“l, E is the alpha decay énergy
in Mev,_P ié the exponential barrier peneﬁratidn factor; and ’Xg'is the
.?decay conétant without barrier at 1 Mev" in second™l, The fourth formula
derived by Pfeston31 and used recently by Kaplan32 has the same exponential
factor P but has a coefficient showing a more complicated dependence on decay
chergy than the simple square root.
The first formula is derived, as Cohen33 has done, using a nuclear

radius expression determined from the comparison of experimental alpha particle
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bombardment excitation functions?ls34s35:36 with the theoretical calcula~
tions of Weisskopfo37 Then the parameter A, was calculated separately
for many even-even heavy element alpha emitters and the geometric mean
l5,03'x lO18 seconds™1 taken (correspoﬁding to a level width without barrier
at 6‘Mev.of 8.1 kev in excellent agreement with Cohenfs>> correction to
Bgthe's many body alpha deéay treatiento38) The nuclear radius expression
determined from the work of Jungermann3® on Th232 (alpha, fission) cross
seétions _ , | N
= (1.43 AY/3 + 1.48) x 1073 em

(A = mass number of daughter nucleus) was uégdo The additive constant
1,48 x 10~3 cm for the alpha particle radius was used by Wéisskopfo37

The secdnd formula is the form of the one-body alpha decay expression

\1/2

used by Perlman and Ypsilantis3C with X (E) given by vo/r where v, is

the velocity of the alpha particle (center of mass system) at infinite dis-
- tance from the nucleus. This corresponds to Ay = 7.7 x 1020 geconds™t
for the rare earth studies. They found good'agreement in their calcula-
tions using a simple radius expression
= 1.48 AY/3 x 10713 cm.,, and this radius formula is also used for

: the rare earth calculations,

, The third formula is from the original manybbody treatment of Bethe. 38
A Xo value of 5.03 x 1018 seconds“"l was used, The simple radius formuila

= 2,05 4Y/3 x 1013 em |

originally gi#en by Bethe was used after checking it with decay data of
- Pu236 and flndlng it to glve agreement., |
The fourth formula is that used recently by Kaplan32 and derived by

Preston°31 The values tabulated in Table III were calculated by taking,



Table III

Comparison of Experimental with Theoretical
Alpha Decay Half-lives for Light Alpha Emitters

Nuclide Alphs Erecoil Esc Eq Fartial Bst Calc. Factgr Calc, Factor Calc, Factor Calc, Factor
: particle (Mgy) (Mev) muclear alpha Error half- cale, half- cale, half- calc, half- calec.
energy energy half- 1limit 1ife QT1£2) life (T1/2) life (Ty/p) life (Tq ,(2)
(Mev) (Mev) 1life  factor exp. exp. one body exp, many exp. one exp.
~ (Exp) redius (T1/2) Perlman- (T1/2) body (T1/2) body (Ty/p)
Cohen . Ypsilantis .. Bethe =  Freston-
. ' Raplan

sm47 2,18 0,06 0,02 2,26 L4x101y1.5 1,8x101%37,9 8,2x10lly
47 2,88 0,08 0,02 2.9 ~6x10% 3 1,83x1043.0 1.4gx10%

cal®® 3,16 0,09 0,02 - 3,27 ~1,4x10%y 3 2,0gx102y1,5 1,0gx102y

cal4? 3.0 0,08 0,02 3,1 ~ 4x10%7 3 1,03x10%2,6  3,5x103y
Ga(150) 2.7 0,67  0.02 2.8  8.8x10%y 4,0gx100y
™4 305 041 0.02 407 >4m - 9 5.,5h -
rp{15L) 3,44 - 0,00 0,02 3,55 >l | 3.9y 1,95
pyl151) 4,21 0,12 0.02 4.34 >om 42 . 57m
py5D) 406 011 0,02 419 lom sk 7.6m
py{151) 3 61 0,10 0,02 3,72 >2.%h . o83y . LI5y.
Au{188) 507 0,11  0.03 5.21 >4.am '

_ - : (~304) 2 izh . 8,0k
Hz(189) 560  0.13 0.03 5.76 >0.7m - 33m . 3.6m

5.9 ' 2,82x1013200 2,7x10%3, 190

2,5 4,3x105y 72 4,8x10°%y 80

0,77 4.7x10%y 34 4,0x10%y 29

0.87

7.0d . 9,94 -

. o

e T M

( ) indicates value of mass number assumed for calculation where mass mumber is not kmown,

- ELYT THON
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as Kaplan has done, the smallest sclutionbfor (E=1), thé kinetic energy
of the alpha particle within the nucleus and using nuclear radius values
given by Present's3? formula. |

r = ro*Al/3(1 + 0,8 (& - 22)%872 - 0,34~1/3 + 0,010 72 g4/3)
with ro¥* = 1,50 x 10-13 Cm; the value found by Kaplan32 from épplyiné the
Preston alpha-decay fqrmﬁla,to the eveh;eVen type alpha emitters in ﬁhe
heavy‘region° ‘ o

The penetration factor P in all cases was calculated by iﬁe R
exponential. expression (600) of Bethe,38 ‘

‘Table III lists for CQmpérison the calculaﬁed alpha half-life values -
apd fhe experimental values for the light alpha emitte:s, Columﬁ 4 contains
~ an additive correction factor to the alpha deéay energy neéessitatéd by
the consideration of the potential screening due to the eleétrop cloﬁd,
as pointed out by Ambrosino and PiétieroAO This is the’first of two éorrec-
tions of about the same magnitude propesed by them aﬁd has been estimated
from thé’Férﬁi—Thomas:atomié model as

' Ege = 72.8 (2 - 1)1‘/3 kev.

Tt is felt that the inclusion of both corrections is not proper for
reaédns set forth in Appendix iIe

Three of the rare earth nuclides included in the compérisbn are not '
Vof the éven—eveniiype,.éo that, in general, the agreément withra décay rate
formula for even-even alpha emitters would.not be expected. In accor&ance
wifhvobservation in the heavy region;‘ﬁowever, the odd nuéleon types would
beveXpectéd to have half-lives léﬁger than prediqted by the eveﬁ;even fdrmula

rather than shorter, as are actually observed.
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Little can be concluded frpm ﬁheva;pha emitters whose q/EC.branching
ratios are not knowm. 411 the extrapolatlons give alpha half-lives greater
than the lower llmlts set by the experlmentally observed half-lives, ' The
only comparisons of anyvsignificance that can be made are those: for Sm;47,
Eu147 Gd149- and Gdl48 The first two treatments predict half-lives.in
falr agreement w1th experiment, while the thlrd and fourth predict half—
llves too longo Note, though, that the extrapolatlons by the third and
E feurth treatments\appear dn'relatively badvlight with respeet to the first
~ in that the radius formulas in the third and fourth do not have ‘the addi-
tlve constant for the alpha particle radlus9 and the fourth treatment suf-
fers further in using Present's formula whlch gives an even smaller radius
uhen the simple al:kl/3 fermulaso The use of radius formulas with additive
coustants.eould pfovide eu extra ten percent in radius needed to bring
the predictions by the third aud fourth treatments into a good agreement |
ae those of.the first or second, One can only conclude in this regard
tﬁat by use of e decay formula with a frequency factor as high as that in
the PerlmanrYpsilantis treatment, a radius formula without additive constant
‘1s adequate, but with formulas employing lower frequency factors, as do
the others, agreement is best secured by use of a radius formula with an
additive conetanto

, None of the»treatmente give the correct energy dependence of the N
half—lifeov In all cases the Eul4” and sm47 predictions are successively
wefse (i.e. pfedicted half-lives greater than experimental) than the Gd48
and Gd149 predictions, These discrepancies‘may be_due to experimental

error in the value of 2,18 Mev for the alpha particle energy of Sm}47? .
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(Sm;47 was used as the standardhin determination of Euls? energy.) There
' ié_w@de varigtion in energy values reported in the literatui'e° '(pf. NﬁS
,Nﬁéleaf Tabies;AZ) So great is the sensitivify of the barrier penetrétion
factorvto a change in energy at the 1oﬁ energy of Sm;47, fhat_én inprggse
in energy of only 52 kev would ihcrease the eprheﬁtial penetration factor
by a factorfof six, enough to bring‘good agreemen£>with expefiment,v'For
reference the ;alculated dependence of the penetration factor_én'énéfgy

is tabulated in Table IV and graphed for Sml47 in Figure 14.

Table IV

Rate of Change of Penetration Factor with Energy

Nuclide ' " Radius used Alpha energy - d logléP ,

(10“13 cm) (Mev) aE (vev)
eaM4& 899 3,27 8.6
l7 8,97 2.98 9.7
swld?7 ©  10.78 2% | BT
sm47 9T 2% 15,0
sld?7 776 2,26 1.1 v

Theré is also the possibility, as Wheelerdl suggested, that the exces-
sive;y large decay rate of Sml47 is.due to an effective huclear radius in-
:crease_due to a deviation of the Smi47 nucleus. from spherical. symmetry,
as would be shown by amiargé nuclear quadrupole moment, concerning which no
measurements have yet been published.

These comparisons with rare earth alpha decay rate.data do not rule

out the validity of any of the four treatments, The comparisons suggest
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that the use of a nuclear radius formula with an additive constant for the
alpha particle is needed in all but the Perlman-Ypsilantis one body fbrmu—
la, Nothing can be concluded about the best value for the kinetic energy
of the ;lpha particle within the nucleus, determined by the value assumed
for'the "internal potehtial" for the alpha particle.

” . While the phys1cal truth of the alpha decay process is probably
.represented by a many body theory, the many body correction to the freduency
factor and the alpha partlcle radius correction to the effectlve nuclear
radius Aearly cémpensate each other with the result that .the one body model
still gives good agreement with ekpefimental data, Present39 points out
in his discussion of the nuclear radius concept that the same compensation

" oceurs in alpha decay treatments in the heavy element region.

B. Rare Earth Alpha Decay Energy Sysﬁematics and the Neutron Closed Shell of 82
With knowledge of the alpha decay energies of many isotopes of the
heavy elements and the beta deéaylenergies of a few it has been possible
to calculate the rélative masses4? of nuclides of given radiocactive families
with great accuracy by the method of_closed decay cycles, The determination
| of é few neutron binding energies made it possible to felate the mass val-
ueé betﬁeen ihelvariqus deéay families and thus to calculate the relative
masses of a very large number of heavy nuclides,
Before studying the systematlcs of alpha decay energles in the rare
earth region it would be well to attempt to calculate any unobserved alpha
energles ‘possible by/the method of closed decay cycle energy balanceso9

The application of such calculations to the rare earth alpha emitters is
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unfortunately'quite limited, since in the regioﬁ where-alpha decéy ocecurs
the prindipal decay process is orbital elecfroﬁ capture, for whiéh it is
not possible to make direct experimental determinationé of.the decay ener-
gy. It is possible, though, to calculate the ;ipha decay energies of
Pm147‘and‘Nd147 as follows: (The mass assignmeht'of éhe samarium alpha
éc@ivity to la?bhas been madé by Weaverd3 and by Rasmussen é& g;.,25 and
the alphé pérticle éﬁergy 2,18 Mev as determined in an grgon—filled ioniza-

tion chamber by Jesse and Sadauskisl® is used.)

sml47? i P47 " Nal47
EB = 00223 ! Eﬁ = 00_28 I
) |
Na ’ : . i
: I
Ea """ 20'26 Mev l Eal | Eaz
| I
i I
o |
N B B~ '
NaL43 ¥, _¥cel43
Eg‘ = 0,92 EﬁY = 1,1
' 0.2

‘Conservation of energy requires that

]

Eaq] = 2026 + 0,223 = 0,932:= 1,56 Mev

]

Eqp = Eqy + 0,82 = 1,1 = 0,2 = 1,1 Mev |
(Beta déeay ehergies from NBS table.44) These élpha deéay énergieg
correspond to élpha half-lives mu@h too long for egpérimental detection; ;
The list of rare earth nuclides with known alphé aecay energies can

be augmented for a study of decay energy trends by the addition of a few

nuclides for which upper or lower limits on alpha decay energy can be set
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by consideration of the relation betweén alpha decéy energy and rate,
épproximate‘upper enérgy limits can be set for the naturally occurring rare
éa?thvnuclides not observed to undergo alpha"decé.y° Included in Table V |
are N6144,A8m;44;.and Sm.i48 for which upper energy limits have been

set on thé'éssuﬁption that the half-lives for alpha decay must be

'éreaier than 1014 years to have escaped experimental detection of decgy;45
The lbwer ehefgy liﬁit in Téble V for the présumébly beta stable Sm46 not
lﬁieéeht in nature was set on the assumption that its alpha decay half-

l;fe must be less than lOsiyears to have decayed away since the origin of
the elements.

Tabie V also listé the aléha decay energies calculated from Fermi's
‘samiempiricai mass equation using the tables of Metropolis and Reitwiesnerl?
and assuming a mass for He& of 4,00390 atomic mass units and the mass. energy
cqnversion.factor-of 931,4-M9v = 1 a.m.u,

| In Figure 15 the energy data of Table V are plotted against neutron
number,";

The gadolinium isoﬁopes constitute the only isotopic sequence for
which the mass numbers are fairly certain. Mass assignments on the~plot
fér the dysprosium isotopes and 3.44 Mev terbium are gueéses based on thé
expectation that thé various curves of.Figure 15 should be nearly parallel
as are those of Figure 16, a plot of alpha energies against mass number

in the heavy region.

I3
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Table V

Alpha Decay Energies of Rare Earth Nuclides

Nuelide . N Ea (\Exp.,) "Normal" Eq (Calc. Difference
Mev from semi-emp. Mev
nass edn,) Mev

sml47 85 2,26 0,08 2.8

Eul47 8,  2.98 0.73 2.25
cal48 & 3.2 T 2.8
uy 85 - 3.1 1,01 21
150 g 2.8 087 1.9
™40 & 408 1,60 | 2.48
(151) (86)  3.56 1,28 2,28
py(150) (8) 4035 2,05 | 2,30
(151) (85)  4.20 1.87 | 2.33
(152) (86) 3,73 1,73 2,00
Ppl47 86 1.56(cale)  =0,59 2,15
nal4? 87 1.l (ecale) 1,28 a 2.3
Nal44 8  <2.0 0,68 <268
Sml44 g2  <2.1 +0,64 <1.5
smi48 86  <2.1 0,07 <2

CemMb6 gy 2.4 +0.28 S >2,1

( ) indicates mass number not known but merely assumed for
calculations., :
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It is evident from Figure 15 that a maximum in alpha decay energy should
occur for the samarium isotopesbat 83 or & neﬁt;'ons° In section III A
_evidence was_preeented to shoy that Eu145,.Eul48, and Eul49 must have
_’aleaa half-llves‘much longer than that of Eu;479 sinee:no alpha aetivity
ascribable to them has been observedo In accordance with the relatlon be~
tween alpha decay energy and decay rate it can, thus, be assumed that Eu147
with 84 neutrons, for which alpha decay has actually been observed, has a
greater alpha decay energy than any of 1ts nelghborlng europlum 1sotopes
(w1th the poss1b1e exceptlon of Eu146 for whlch a significant upper limit
‘on the alpha half-life has not yet been determined). For the gadolinium
andrterbium igotopes, also, the maximum in alpha decay energy probably is
found for the 84 neutron nuelides. Furtheﬁmore, no alpﬂa activity ascribable
to a nucllde with less than 84, neutrons has yet been observed. .

The normal trend for alpha decay eﬁergy to increase with decreasing
' neutron number is seen from.the family of-pafallel lines in Figure 15 de-
fined by the alpha decay energles calculated from Fernuﬁs semiempirical |
mass equatlon in which no account is taken of fluctuatlone in nuclear
binding energles caused by st;actural effects, such as those ascribed to
nuclear'closed shells., The true alpha decay energies are not only greater
than mass equation values by about 2 Mev, but exhibit a discontinuity in
’the normal trend, dropping to:lower alpha decay values for neutron numbers
less than 8.

| Although the neutron binding energies of these alpha active rare earth
nuclides cannet be calculated explicitly as for the alpha-emitters in the

neighborhood of 126 neutrons,zo the analogy between the alpha decay energy
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curves in the two regions,'with their maxina at &, and 128 neutrons,
respectively, would S£r6ngly suggest that the maximg at 84 neutrons in .

" the rare earth alpha decay.energieé are a cénseqﬁence of the decreasedv
neﬁtron binding eﬁergiesvjust Beyond the closed“shell46‘6f 82 neutfoné

in analogy to the maxima at 128 neutrons resulﬁing from the abnorﬁaily
léw neutron binding energies just beyond the closed shell of 126 neutrons.

The'effect on alpha decay energies of the 82 neutron closed shell
was early suspected after discoﬁery of rare eafth alpha activity. Before
any element or mass assigﬁmehts had been made this reiati@n¥of”thefclosed
shell was disgussed-byfThompson‘gi._a_;o2 and by Periménlég'gi;9 and pfe;
d;ctionsvpf the probable maéslnumberg_of alpha at-:ti.ve‘nuéljides‘made°
Sﬁbseﬁuent experimental wofk has Eorne out these'predictionS’to & remark-
able degree,

The neutroén bindiﬁg‘energy'comparisons of‘Hérveyzo show clearly an
abnormal dfop in the»neufron'binding energies just Eéyond 126 neutrons,
éﬁd the few caseé compared near 82 neﬁtrbns seem to indicate é like dis~
§§ntinuitya The few experimentally détermiﬁed neutron binding energies

in Harvey“s compilation near 82 neutrons can be used as a basis for calcu~

e latlon of the neutron. blndlng energles of 1sobar1c nuclei using beta decay

energles for clésed cycle energy balance’ calculatlons similar to the cycle
calculations of alpha decay ‘energies earlier in thls sec‘biono Beta decay
energles and decay schemes from the NBS nuclear tables44 have been used,
except for the positron decay energy of_PrlAOg which was recently redeter-
mined48 spectrographically as 2.23 Mev, Table VI summerizes these calcula-

tions. The differences, An, between actual and mass equation calculated
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neutronvbinding energies is plotted against neutron number in Figure 16,
gs Herveyzo has done. 4 drop ef 1.5 Mev in neutron binding energies in
'crossing the 82 neutron configuration is seen. This discontinuity in the
neutron bindlng energy ev1dent1y extends into the region of higher atomic

number, where it affects the alpha decay energies.

Table VI
Neutron Binding Energies Near 82 Neutrons

(Binding energy of last neutron in nuclide,)

Nuclide Z N  Bn Bn " n

Exp. (Mev) = Mass Eqn. (Bexp = Bmass eqn
T ey T (ueR T e o)
ngl4d 60 8L 7.9 7425 0.7
priél 50 82 9.5 8440 +1,1
Bal39 - 56 83 5,2 5,63 <044
Cel4l 58 83 5,7 6,26 . =0,6
Laldl 57 8, 6.8 7.43 7 =06
Bal4l 56 85 ~5.0 - 5430 ~0.3
¥l 60 90 Zud 76 40,2
Nal47 - 60 .83..-87 o -0,62
i . Ave, 4 neutrons.
to Nal47

.:.'
-

Underlining denotes experimental value from compilation of Harvey.zo
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_ The decreased neutron binding energies just beyond 82 neutrons facili-
thg_the observation of alpha emission in two respects. First, alpha decay
energies are increased, and, second, the energies availabie to the electron
capture or positron emission decay processes are decreased.,

From small extrabolations of the curves in Figure 15 one might estimate
the decay energies of a8 few nuclides, the alpha activities of which have not
yet been detected, such as, Sm;46, NQ;S.Mev,48m;48, 2,50 Mev,_Pm;45;t*2;0_Mevo
With such energies alpha activity of Sm.:l‘['6 should be barely defectable and
#hat of Sml48 and Pml45 undetectable by present techniques., Since the még-
nitude of the discdhtinuity in neutron binding energies at 82 neutrons is
: gpouit 1.5 Mev the 83 and 82 neutron isotopes might be expected to have
on tﬁe order of 1.5 and 3 Mev, reépectively,‘less energy for alpha deéay
than the 84 neutron nuclide of the same Z, This energy difference easily
gpcqunts for the‘undetéctably low albha decay rate of_Sm:144 and indicates
Qhat the alpha decay of nuclides with less than 8, ngﬁtrons may only become
observable in elements with atpmic nﬁmber.greater thén 65, that of terbiux;}o

It is interestipg to note that as the atomic nupber is increased with

ﬁgutron numbef 84 the iqcrease in_alé@a decay energyfin going from atomic
number 6l to 65 is_ﬁuch éreater thanvthat in going from 63 to 64, In Table V,’
too, it is seen that the energy difference.eolumn shows the THi4? alpha
energy to show the highest difference, some 0.3 Mev higher than the average
;f,the,;pwer elements, fhe obéervation might indicate tﬁét the 65th—pfoton
. ié less tightly bound than the general average in the fegipng that~64 might
vbé a minor "magic number" proton configuration. ‘A-sﬁall splitting between

the 2d5/2 and 243/2 levels on the Mayer46 nuclear shell model could account
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for a slight extra stabilization of the>64 proton configufation°
i Similarly, the observance of alpha activity in a gold and in a mercury nuclide

ﬁ;ghﬁ-be an indication of a minor neutron magic number around 102 - 106

neutrons (from the mass number 1imiis 183 < A £ 187 on the gdld'albha emit-

ter) The numbers 100 at the splitting between the 2f7/2 and 2f5/2 and

106 at the end of the. 2f5/2 level can be derived from the Mayer shell model.

Qlearly, until there 1s;much more information on alpha decay energies of

;ight-gola:and mercury huclidesg_the minor magic mumber possibility ﬁnst

. remain only speculation .
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APPENDIX I, y S
Methods of Investlgatlon of Properties of Alpha Actlve Nuclides

B ‘lo Alpha partlcle energy-. Alpha particle energles were obtalned by
measurlng the amount of ionization produced in an 1onlzatlon chamber filled
with purified argon. ?ulse. height measurements were made by using the
487channel differential pulse height analyzer described by Ghiorso_g& glolz
The pulse height of the unknown alpha activity mas measured, and alpha activi-
ty standards of known alpha energy were also measured for comparison. The
unknown alpha energy was determined by linear interpolation or extrapolaﬁion
from the standards, The,linear dependence of total ionization in'pure argon
gas to alpha particle energy over a wide range of energy has been shown
hy Jesse, Forstat, and Sadauskiso49
’ Figure 12 illustrates the use of the pulse generator eomperison
technique for defermination of alphe energies. The pulse heights of un-
gmown and energy standard alpha emitters were matched withvthe'output of
a pulse generator and the output potentiomerer‘setting on fhe pulee genera~
tor recorded for each, The height of pulses from the generator was known
‘to be exactly proportlonal to the potentiometer setting, The plot of po- .
tentlometer readings against alpha particle energies was made using the
ialues from the alpha energy stendards, and a straight line through these
points and the origin was drawn. The unknown alphavparticle energies could
,be read opposite their potentiometer settlngs from the straight line plot

For obtalnlng the best possible alphe energy measurements thin, uni-
form samples were often prepared by vaporization in vacuo of the alpha active

material from a tungsten filament at white heat ﬁo a nearby platinum plafeo
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2, Half-life of activity. Half-life measurements were usually made
by fhe conventional method ofbplotting the logarithm of the counting rate
e’ge.insi: time, with the half-life being determined from the slope of the
st:aight line plot, after subtraction of contributions from other activities
and from general background. This method was used in ﬁhis work for the
determination of half-lives ranging from 4 minutes to 24 days, The»ﬁ@thgd
is of course, not applieable for the deterﬁination of extremely long half-
lives. The best determinations of half-lives of alpha activities, where
more than one aetivity was present in a sample, were made‘by plotting en
the decay curve the integrated eounting rates as detérmined from the total
counts in a peak on the pulse analysis curves, Thus, with a complete or
partlal resolutlon of one activity from the others in the same sample, less
uncertalnty was 1ntroduced into the half—life determlnatlon by the sub-
bractlon of background aetlv:.tleso "

In the work reported here it is not poss1ble to rule out from experi-
@ehtal evidence alone the possibility that some of3the{activities_are of
~ the delayed alpha emitter type, examples of which are the familiar beta

le 20, discovered by

emitter L18 and the pos;tron emitters B8 o, and Na
Alvarez°5o Theoretlcal consideratlons concerning alpha decay rates as a
functlon of decay energy make it hlghly unlikely that any of the medium
heavy element alpha emitters to be reported in this paper are of the de=
igyed alpha emitter type., The observed half-lives in decay of these activi-
ﬁies are thus presumed to be the true halfalives of the alpha actiwe nuclides

and not those of parent activities.
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3, :Apomic number of glphaactive,nuclide° The determihations of
atomic number were @ade by chemical means in the case of all activities
whereﬂchem%cal'separations could be made in a length of time comparable
to the half-lives. For activities with half-lives too short to ioemit
chemical element assignments it was necessary to resort to the physical .
;g;énments already giﬁen concerning the appeé:ance or nonappearance pf'the
,%ctivity in bombardments of different target materials.

Element assignmenfs by chemical means were accomplished by making
chemical separations on the bombarded material and .observing in which
chemical fraction.the activity Qf3jgterest appeargdo By making adequate
chemiéai separations the activity could be assigned to a gingle chemical
element, | .

‘ It shépld be mentioned that such chemical assignments of atomic number
do not necessarily determine the atomic number of the alphg gctive nuclide.
ghe possibilify always exists as mentioned in Appendix I,2 that the activity
éf interest is a short-lived activity in equilibrium with a longer-lived |
ﬁarent activity, In this case the activity of interest would appear in
the chemical fraction of the longer-lived parent. Again it can only be
said théﬁ theoretical alpha deéay.half—life considerations make it unlikely
. fhat such be the situation with any pf the alpha emitters to be repdrted in
this paper. '

The rare earth elements (lanthanum through lutetium) present a special
problem in chemical separation from one another, since they are very

gsimilar in chemical behavior,
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~ The necessity of using thin samples for aléha counting and alpha
energy measurement places a restriction on the amount of carrier materlal
which may be added for the purpose of facilitating radlochemlcal separa—
tions° The cation exchange resin column separatlons to be mentioned be—
llow easily meet these requlrements since no added earrier is requ:.redo

The separation of the individual rare earth elements in.small amouﬂts
in the work repérted here was usually made by elution from cation exchange
resin’columnso Dowex=50 resint (Sphefieal fines) in the ammoﬁium‘fo?m
was used exclusively in the col;_t:mriso The eluting solutions of eitric.ecidu
ammoniﬁm citrate were aiWays‘O°25.g in tofal citrete with 1 g/lobhenol
v added to prevent the growth of mold, Moet of the'separetiOns were made
;n_a jacketed column maintained at ;1L4‘7é@vc or 87° C, The apraratus and
techniques emplojed in the coiumn se;arations at eleﬁated temperatures have
' beeﬁ described in detmil in a receﬁt article.15 there speed in separation
was‘unnecessafy, the elutions were eometimes made at room temperature at
a eiowef flow rate as.deseribed by Wiikinson'and Hicks 5%

Before several'eolumnrseparations smail amounts of varioue»rare earth
elements were a&ded, in order that positive chemical identification of elu-
tion peaks cctld later be made by epeetregraphic enalysis°

'Europiuh end gadoliniﬁm ere not satisfaetoriiy eeparated from one
another by the catlon exchange separatlons of the type descrlbed above.

A sodium amalgam reductlon procedure was employed as a means of effectlng
their separationa The zinc amalgam procedure descrlbed by Wilkinson and
Hicksd? for europium reductlon was fcund to give exxremely low yields unless

europium carrler material was added in amounts too large for good elpha
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counting. However, the sodium amalgam procedure described here was found

?e give a good yield'of carrier free europium activity,'»The reduction po-
ﬁential is sufficient to reduce sameriﬁm into the amalgam phase in low yield,
and thus cannot be used effectively as the basis of aAeeparatioh of europium.
;‘I_'om.-samarium° This procedure is essentially.that used by Newton and Ballou
for separation of samarium and europium fission products from other rafe
ea.rths.53 |

,» Amalgam Procedures Dissolve the europium oxide or hydroxide (net

more than.io mgm) in a minimm of hydrochloric acid, Dilute the solution

to 15 ml with water, and add ten drops of glacial aeetic)aeidb Io'the
golution in a separatory funnel add 4 ml of 0,5 pereeht sodium amalgam.
'éﬁake for five seconds and transfer the amalgam layer to a second separa-
tory funnel contam:mg 30 ml of water, Again ehake and transfer‘.to a third
funnel contalnlng 30 ml of water., Flnally, shake and transfer to a fourth
funnel containing 20 mi Z}Q HGlo After the evolution of hydrogen has ceased;
thefeuropium fraction can be recerred by hydroxide precipitation of the
aqueous phase in the fourth funnelP while the gadollnlum can be recovered
from the aqueous phase in the flrst funnel.,

The radioactive mercury fraction was separated from the bombarded gold
ieaf by volatilization, Within a speclal steel chamber the gold was heated
strohglj under a platinum plaﬁe, which was coeled en the back by’ci:cgiating
ﬂéter; The mercury cohdensed on the biatinum plate, '

| 4 gold fraeﬁion was'isolated from thebgold er‘platinum tafgets by dis-
eelving these metal targets in hot, coneentrated aqua regia, dilﬁtingxthe

solutions to about 6 N in acid .and extracting the gold chloride~into
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Tethyl acetate, whlch was then washed once or tw1ce with 2 N HCl The gold
vas reeovered by evaporatlng the ethyl acetate solutlon on a platlnum plate.
.40 Mass number° 'Determ;natlons of mass number of the alpha ectlve
nuclides studied in this investigation were made by'two methods;‘ (a) De-
duoiionbfrom'produétion yields of activity as a function of energy of bomw

berdment (excitation functions), and (b) maes‘spectrographic ieotope |
separatlon w1th detectlon of alpha aetlvity by nuclear emu151on transfer

. plateo25 A thlrd method of mass a531gnment the deduct;on from observation

o of daughter activities of known mass number, did not faélli@ﬁt@“' any nasgs

a351gnments ‘'of the alpha act1v1t1es reported hereo

For the alpha active 1sotopes within a few mass numbers of‘the naturally
occurring 1sotopes the flrst method proved most convenlento

Alpha partlcle bombardment excltatlon functlons were. determlned by
) 60=inch cyclotron bombardments using a “stacked foil"® technlque° A series.
qf 0,00025 inch platlnum envelopes, each contalnlng 0.1 mgm of samarium
‘oxide were bombarded, one'benind the other in the speciai water coolednintera
ceptor referred to in section IioAb' Tﬁe alpha.particle energy bombarding
eech'oxide sample was caleulated from the initial energy and the thickness
or ebsorbing material before the sample° The nuolear reaction by which a
given ectivity is formed can often be determined by estimation of the ener-
éetic,thresholdol The Gal48 mass assignment was made in this manner (ef. Sec~
tion III BL).

For isotopes many mass numbers away from beta stability, mass assignp
ments cannot usually be made with certainty on the basis of excitation func-

tions aione, although mass number limits can be set.
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4 mass spectrographic technique was used for the mass assignment of‘
the Tbl49 alpha activity. This technique is described in the réport by
two'of the authors in collaboratioﬁ with Reynolds?® on the mass assignment
of the Tb4? and Sml47 alpha activities. The mass spectrographic technique
as applied to Tbl49 is limited to activities of at least several hours
half-life thai‘can be produced in relatively large amounts.

'5n Other ﬁdaes of decéyo Since the alpha active nuclides studied
Qere all lie to the neutron-deficient side of beta stability, it seems cer—
tain that all (with ‘the exception of Ga1%0 and possibly Gal48) will under-
go decay by orbital electron capture, and some of the nuclides may exhibit
positron emission also, These decay processes give rise to electron and
electromagnetic radiation, referred to collectively as beta-gamma activity.

The beta-gamma radiatiops were studied:by standard téc@niques using
-éfgén—filled or‘xanoﬁéfilled Geiger counters, a windowless methane-filled
proportional counter, and a sﬁall beta ray speo:stromr—zte;t‘.of41‘c>w--:r."esolution°
Gpunting‘through~various absorbers was done to give informationlon energies

and relafive abundances of various componénts of beta~gamma radiations.
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_ APPENDIX II
- Correction to Alpha:Deeavanergy from Electron écfgeningl‘
_ _Recently'kmbrosino and Piatier4? have podnted‘ogt that'it is‘not
quite correct to use the observedrélpha decay energy (alpha particle energy
dplus reqdil energy) in the barrier penetration expressions relatidg alpha
1de¢ay»energies with decay rateéov The presence of the eiecproh c]bud_about
the nuclei undergoipg alpha dgcéy necessitates the applicationvof dorrection
terns, |
Firstly, they reason, one should use in decay expressions the energy
release of‘thg nuclear alpha emission process itself, The cgnservation
of energy démaﬁds that tﬁe nuclear p}ocess must have a decay energy exceeding
that observed'in the labordtory (by alpha paeticle energy measurements.or'f'
by calorimetric measurements) by at-leasi the difference in total binding
: energj of the orbital‘éiéctfons»to}theiparent and td the_daughter nuclei.
' This correction could be calculated by adding the terﬁ vélués for all the
. ofbital eléctrdns in the two nuclei and taking the difference, or i£ could
be estimated from thé\expre831on for total electron blndlng energy calcu-
lated from the FermlmThomas54 md el (W= 20.8 2 7/3 evi?), The correctlon
amounts to aboutuéﬂ kev in the case of the uranium - thorium dlfferenceo
" (36 kev by the estlmate of Ambr051no and Piatier.)
In addition to this correctlon, Ambr031no and Piatier p01nt out that
a further correctlon to the decay energy must be made by-con81der1ng the
amount by which the effective nuclear potentlal barrier for alpha partlcles
‘lS lowered by the presence of the cloud of negatlvely charged orbltal

electrons° For estlmatlon of this effect they use the Fermi~Thomas model
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series approximation56 to the eléctroétatic potential of a nucleus surrounded
by its electron cloud and considerrthe lowering of.the potential at the
nuclear radius to constitute a secondlcorrection‘fo the alpha decay energy

- to beledded to the first° The magnitude of thie correction is estimated

- for the uranium m‘thorinm dlfference tc be 38 kev, the value of the second
term in the series expan31on of the potentlal energy of a doubly charged
‘particle in the’ electrostatlc fleld of a nucl:.de°

3/2

Y 2
(1) V(r) = 265 (1+ Bx + 5 2% - 5,5/2 4 o0.)

“(energy unlts)

Where x = r/h W= 32/3 h2/213/3 4/3 m9221¢9
v = o13/3 [ 4/3 mezz/z/s /32/3 12, and B = ,,105890

The'terns effer the second were found to be negllglble at the nuclear radius
distanceg (The flrst term is the uncorrected pure coulomblc nuclear poten~
'tlal° The second term 2eBY = 9‘7,424/B kev.)
~ While ‘the present authors agree that a correction term at least.as -

'_large as the first mentloned correction must certelnly be made, it does:
not seemvpermiSSible co'aad to this the correction fron.the secon& term
" in the series enpansion of.equation (1). That the addition of both these
ccrrectlons57 ambunts virtually to‘correcting twice fcr the same effect has
been recently demonstrated.in unpubliShed work of Serber and Snydero

|  That it would be 1ncorrect to make both correctlons can be seen from
'.the follow1ng argumentS° the energy release of the nuclear process. 1tself

can be calculated by szmple consideration of the conservatlon of energy as

outlined for the first correctlon° Strlctly speaking, the difference in
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total'electron binding energies before and afte; alpha decay should be added
to the total energy released»in the 1aboraﬁcny to obtain the energy release
of the nuclear process. This total enefgy'would comprise the alpha particle
energy, recoil energy, and any excitation energy of the electron clcud.about
the residual nucleus.

The problem cf ionization_of atoms in alpha decay has been. treated
theoretically by Migdalo58 Fnomzhis results it seems unlikely that the
average energy of electronic excitation follcwing alpha decay wili be grea%
'enough to affect significantly tne alpha decay caleulations.

Now, the question is asked: how much is the effective nuclear poten—
tial barrier lowered by the presence of the electron cloud? Clearly, any
charge den31ty lying outside the nucleus cannot affect the potentlal bsrrier
effective for the escaping alpha partlcle except 1nsofar as that.external
charge density might deviate from spherical symmetry and induce a polariza=-
tion of the nuclear charge. éuchva polerization induced by the’elecﬁron
cloud is certainly negligible'in this prcblem, An& electron charge density
lying vithin the nuclear volume would, on the‘otner hand, lower the nuclear
potential barrier by decreasing the effective nuclear charge° The,magnitude
of this latter effect was estimated for mercury (Z = 80) using. the relati-
vistic expression of Racah59 for the K electron dens1ty near the nucleus.
The probability of a X electron being within the nucleus is about 10“8
Cons1dering all the orbital electrons the reductlon in nuclear charge will
be of the order of 10~7 electronlc charge, which w111 1ower the barrier for

alpha particles by only 0,0?_ev, a negligible a.mounto
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The second term in equation (1) thus does not represent an estimate of
" the barrier lowering due to electronic charge nithin the nucleus; but is a
constant‘potential term indeoendent of T, numerically fixedlby*the'arbitrary
" assignment of zero for the electrostailc potential.at.infinlfe distanceo The
lowering of the potential barrier by electronic charge within.the nucleus
~would he estimated by the FermlmThomas model from the serles terms following
the second, a negllglble amount at the nuclear radluso

It 1s 1nterest1ng, though to note that 1t is no 001n01dence ;hat the
second term of equation (l) is nearly equal to the seemlngly unrelated first
correction, This relatlon is mast readlly seen by considerlng the correction
term in the two extreme cases of orbital electron interactlon in the alpha
decay processo ‘ | _ o _

Flrst if the time of traversal of the electronlc cloud by the alpha
partlcle vere very long compared to the mean time for rearrangement of the
electronlc wave functions, then presumably the electron wave functlons would
smoothly rearrange (adlabatically) as the alpha partlcle was escaplng, the
electrons of the re51dual nuclide would be left unexcited and the alpha
'partlcle and recoil would carry off the ene;gy of the nuclear process 1ess
the difference in total electron blnding energies as kinetic energy°
Ambrosino and Piatier?s flrst correctlon would be approprlate°

On the other hand, if the tlme for traversal of the electron cloud by
the alpha particle is very short w1th respect'to the tlme ofrrearrangement
" of the electron wave functions, it:ﬁculd be apprcpriafe fo use the~sndden-
“Fapproximation, i.e,, that the alpha particle conélefely escapes-before any

rearrangement of electronic wave functions occurs. In this case the final
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Iinetic energy of the alpha particle and recoil nuclide would be that of the
nucieéf process less the difference in:electron'bindingﬁenergies less some
“amount of electronic excitation energy of the'recqil nuclidé;- The decay
energy of the:nﬁcleér'process coﬁld*then-be calculated from the observed‘alpha
pﬁrticlevenergy by noting £ﬁatithe élphé decay took place withithhewélectron
cloﬁd of the pafent nucleus in a region at a pqtehtial 38 keﬁU(for uranium)
lower that that if the electfoh.cloud was abéento The alpha decajﬂéﬁergy
of the'nuélear process must then have been just 38 kev,greater'than"the}energy
~of alpha particle plus recoil nuclide, | |

The work required io decrease the total binding enefgy of the electrons
(as.éonsidered in the first‘correction term) is done by the alpha particle
in moving from the center of the electron cloud to infinity against the
attractive coulombie forces b§§weenlelectrons and alpha particle (asﬂconsider—
ed in the second correction térm)é”:

Neither of the above twphgpproximations is entirely applicgblé_to alphé
decay, for the average velocities of the more tightly bound electrons in a
heavy nucleus are éreater than the velocity of emission bf thelélphafpartim
cle. Since alpha particle energies are generally determined by‘esﬁiﬁating
the maximum energy of emission rather than the average, the electfonic exci=
tation energy should be of less concern, The correction to beféddedito the
maximum alpha decay energy obg?rved should be very nearly the first—gorréction,

the change in total electron binding energy in the alpha.decay'p‘roceSS°
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In view of the above considerations, the first of the two correc'tions
has alone been used for the calculations of alpha decay rate in this. paper.
The cpi‘rection mAde was estimated ffom the ﬁotal électron binding energy
given by the Eez_‘mi-Tho;gas médel ;but with the change that the coefficient 15.6
. from expérimental data60 rather than the theoréti‘cai 20,83 yalue was used,
lThe fotai,bindihg energy ié ﬁhen W = 15.6 Z7/ 3 xev. The ‘séréenir-ig‘_
e‘oztrection term used is twice the derivative of W _with respéct ﬁo Z evalua*hed
at 2 - 1 .

Esc = 72,8 (2 - 1)4/3,
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