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- NUCLEAR THERMODYNAMICS OF THE HEAVIEST ELEMENTS
' o ~ Glenn T. Seaborg '

Department af Chemistry and Radiation Laboratary
University of California, Derkeley, California

"~ INTRODUCTION

The phenomenon of alpha particle emission, a general observable prop-
erty for the nuclides above lead, makes {t possible to relate these nuclides
_energeticatly, Theradioactive decay energy along a radioactive series can
be summed so that the total decay energy for each ruclide in the series is
known with respect to its position above the bottom of the series, that is,
“with respect toilsterminal lead (or bismuth) isotope. This can be dune for
_ eachol the four mass types and, as we shall see, one can obtain this snfar -
“mation for all the collateral members as well as the members-in the main
line of-decay, Thus it ispossible, using the relalion between masy and en-
ergy and:the known mass of the alpha particle, to convert this radioactive
decayenergyinvachcaseto a relalive mass value based on the mass of one
of the four end praducts, Pb208, pp207, PH2o6, or 204, ([ the absolute
mass of cach of these is known, itisthen possible to caleulate the absolute
inass for all the heavynuclidesabove lead for which decay energy data are
known or can be estimated. The absolute maass of only one of this group of
four needactuallybe known since the neutvonbinding energies relating them
can be measured. Itis also possible to measure the absolule manies af -
other nuclei in.eachof the four series, for example, such nuclides AR VLN
The32, U35, or Np®37 Which arc avallable in sufficient quantity for mass
spectragraphic measurements, and the absolule masses of the other mem-
-bers of cach of the series may then he caleulated from these through prop-
~er use of the decay data.” If the absolute masses of more than one member
of the same mass type is known, it is possible to have a check on the accu-
racy of the radicactive decay values. Onceallthe masses of the heavy nug -
‘lides nre known accurately, it is possible to construct the energy surfaces
corresponding to this regionandto study the energetics of the heavy region
“as a whole, The presént paperisconcerned with the use of the radioactive,
ncutran-bindingand mass spectrographic dala for the calculation of the re-
lative and absolute masses of the translead nuclides and the use of these.in
conunection with the energy surfuce and gencral encryctics of Lhis region.

: ACCUMULATIVE DECAY ENERGY 7

“The calculation of accumulative decay energy can best be illustrated with- - '

an example, The followingdiagramillustratesthe course af decayof & nuni =
ber of radicactive nuclides whose terminal product is PL20B,
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Inthese “closed decay cycles' the total decayenergies are given in Mev
and correspondtothe disinteyration energics. Thusthe energy corresponds
to the transilion between the ground states of the initial and final nuclei and
includes the energy of recoil which for alpha decay amounts to about & per -

S cent of thg.pzi'rlit\c energy:




CHOs dmpiivitinthese ermadynamic o petes thal the decay e egy Yetdieen
M\x two e bides prust ben constant ircespedtive of the path. - Fae example
A e (Tnt} has 1L 19 Mev decay eneppy with uw;.mf to P98 Both 1ot
deday ﬂunuﬁh Podl2 (FhCT) and through JHEMEEPRCY As we shall see the
imaas of Bt relative 1o BHA0B L dete rined if—lh-’: mass Ot the olpha pas
iwle ar viors properly the heliuoy atiora) o l:ruuphi mlo the vateutaiwons,
SEeaceedinga steplurther it cunbeseenthad I m‘ ”’h‘n LG \1. v oand /\u L
P 1Y Moy devay energy wath reapet o PLOB Ginee AL TO A Ben D
afe neighbiarian 1aohars 1t s obeions that ALe it is A r.v,-..twe beta parti-
ste ermilter anstable by 2 03 Moev adthoueh thiy enrnrgy has gal yet hred s
siueed nor dadeed has the toonde nf decay bree ehacrved

thes v eass canhe coptinged to ins bude adl the nucler of this mass type.
Pheve 1o, of casrse, wome difliealty wo b the disintes
i nuiaber of the hela pavticle vmntlers, dus to the comple s i
Sy arhemes, and Vs 15 sometime s also tone for the alpha pasticie endld
crso Foo the nuetel which deony by electvon caprurs . sach Jdenny
atbood the sy preaently feasi)

CFhe s

atinn

e e thand foe o prcnge th oo ay ooy -

Pl swinobion can bee dune dor pach of the fuas nabs type:
bty e peesentsd G eamrnats ally i Frgires oA T o thaupht el

Lo the nost unefal foc the present piorpose. The distalegeatign enes gir o
tothe s dragrarnes ase those whiceh ave deemed host as aranaly oty varetul

rrwey sfthe Titeyature, Fhe enerpen sue the Loty dosintearation rrgles

fv eachi s and Lre giveninaniis ot Mev, The values withoal hGupcescrsrs

I3
sre the residty of rmeasaraiment, whereas o superrovipt Yo® rhwu s J. e
the walue comnied frov a caboulabion oo the shave itiuet
rupersorpt tett migailoes that the reeruy valee has hee

.llwn Bije the

)

the alpha decay prodess, tha

i d e nee taade by rrtrapolaiion
e nteepolation from the cornsured values ooy
abist ot nass Jwunbiecs vecrsus alpha roergies

“lunpni

s f alpha

Slivity, he beta disindepraton ¢

i

fepnliy
rghtear

0o papeintons frara the pieasured beda hinterrabion ne g
by i f ,obaking inle acoount the roassh type and the properies of sue s
Ludes aocuprying annlogous panibions n ceiabicn to Lhe i-s L wtable isatope s
uf theip respeciive elemesta. The decay energies are ot presented (no 4
stepptned oo crnee b secmeomone Wae il o conver) thim Lo rras ey nnid
gresent e information io this form for eanh of fie nuclides and this s
dane crthe fotlowing arcion [ shoold be emplinsized thal the catonbtion of.
wntneastired deray encrpics o the minner desocibed s hasedoon the as-
satnplion St oot encepy sucface in the renod conceroed, and if thece
in 4 region ot speial stebiiity o vhe neaghbiochood of LS neutfrone, os iy

a4 ol tg e the cane o The basta ol shetl o

veaqltant geidacy for the nacier in The g ra of LA and Ynore neatyons wiil

oot rannide Pations . the

ey avregd
’!’!'.l"‘kl.,f; OF MASSHES

S The fouy aras types ate interretated thraogh neafron vhifndinv erergie s
.md patt be tied tagether f theer of these sive Lacewn, o: evdrpple ., pHI06
PAOE P07 08 g P 20B 6209 Fince the distnseyration energy b
PRENY . FT  RIAI2 fe known) o There are vaciaus ways of L messaring
theae beutron hinding enerplivy, mn tnding the Jeierpunttion of the wr,vv
tireaholda_ for reactions like PEAOT (1 0} PLIBE, the detepr
snergy of the gamms rays correspanding -to (nt‘ tewnaitinn
state in reactions like P w20 (n, ¥ T PLEEUE aad the tueasucément ol the e
“gies of the deulerons and profois in reactions Hke Ph208 (dy prRaa09 .
tmeasurements Tead to the foilowin ‘.n'(‘r Apge hest valaes iur the z.mu_mn‘ E
_ binding energics: 670 Mvv ior L2086 pptd ? .37 Mey for pPoiil. 1)];&08 -
“and 3.86 Mev for PLA0B.pH20T . These v.x_lm. 3o Loyether \mth the abave e
vacribed dc(‘uumldhvv dnay cnrrn\es, ks b FEY! : !Cll}\(\_";e 'hc‘

o the yrfmtgil’

rainalioag of e ..



ative miasses of all the heavy nuc hrh s for which dvgay b e b RGAT
‘.»n.d such Felative valuew are smitahle far maniy | u!;mm-u CHuwever, s
“atamopassible o obtain G0 the masses on an ahsolate soade of o be eml sHig
mass.in this regwon 08 knowno an thae scate {that 15, sp the woaly HARTE
L D0B0Y C The anass of PHAOH has been et by the nuins speitea.
ﬁnaphu doublet tnethod with (he vadue 208 047344, althboigh thes carreefan s
“to mare sipeificant tigures than are justitied trian the weciiraey Gt Whe de s
fermnation, some for Abe radinactive decay data are koown with the seeag
racy and theréfnre the masses have been valeulated o the inth deciinas
Uplace in arder o reflect the relative accuracy, Using this mens tagethes
~with the above mentioned nentron banding eneppies, atd taking the thags ot
ghe neutron s LLOOEIT, wiabtain 20604067 s the rass B BnSHH
207.042% as the mass far PHAa07 ) and 209040820 ae the sy tae P20
CWikh these figuresas base values, together with the padinactive decay eness
mes from Figures §-4, and using 40937 fo the miaws of Hedo the masses
of the heavynuclides h.‘ivb been calculated and wre g v fhe fey et

af Tatile ). - :

A aumber of neatror ptanding TS SV h.-v: heen deteraiined i ths r:*y
Cof wranium and thariim thraagh the nse of rear tans *un} as- AR g ds,
LU23B(d, p) US3E, Th232 (0, n) TR and vh" 8200, p) Ui XY Gl shie e ohoaald
constitule s strinpent test of the acensacy of the dati in Pabide 15 the e
Ctroa bindingenergies catcalaosd fram the mass wadues in l‘étlilsf b, orncdades

ina sammary of neufron hindmg eavrgics 1o that tabiie, atl ageee withie o5
perunental ecror with the micasured dnlues. Lhe absababe thosses of e
miembers of the deday series, such an U2 AU aned PRAYE, B heey
ohtained by the arethod af doubtets, however these differ st H.‘.H*,' e than
their quoted limits Stcrrar {rom the cay e -‘,-umhn. values o Pable .
Aninteresting aspect of the datin to Table | i the ;\:w.llsiu!v ol abeaia,
ting atorme weiphts on the chemdeal soate, which diffees from the pfhysical
scale {the basis wsed in Table 1) an that the natiltal mastare of ovypen i
“topes is taker to have the atomie werght exactly 16 0000 rather !P e G hy
the basis 01616 0000, It s instructive oo compare the vialues s cateuls
ted with those of the Comrnission on Atomie Weights of the Joternational
Union af Chemistry as follows, inowhich the value cateulated feom {he daba
in Table L ts given Nirst fr.llowvc( by the presently adeepted chemiccad atani
wexghi. PL 207,19 (207 .21}, 31 208, 99(209.69). Ra 226.04 {226.0%), Th 232.0%
(232,12) and. U 23803 (235 07). - (In order tu calenlate o mass fop Ppidd
cnot given in Table |, 2 two neutran binding eacrpy of 14 Mev was wsed [0
Phe gf»J’b 04 J Since the valuesim Table 1 should not be anerrar by inaze
thaa 001 atomid weight unit, ~and prabably are in errar by less than this
Tmach, itis .\pfmtcnt that it will be aecessary Lo Lh.mpc somie of the \)Hlu
ally accepled \’dluE‘). .

NEUTRON BINDING EN!RGIES

There are a numhur of nter csLm;, repularities to e conaide ud as {he
result of further teeatment of the nrass data,  Qne ol these s the vdiation
‘ol neatron binding energy with mass nunberfor cachofthe efemenis, “Alss

Cof dnterest are lhv wvarious trends in proton binding cneryiss.- Forboth .

S neutronsand protons the comibuned ‘)mthn;‘ene oy of twolpartictes s of e
cial inter est because of the pairing eifect, *The nettron and proton binding .-
pneryies can readily be calnulated from the masses gi tven an Table 4 and

“this Has- ‘been “dan e, aga i using the value ;00897 for thz mass of the ned-

~tronand usml, 1. OOSI-: for the mass of hydrogen: The binding encrpies for

cone and (wo nedlrons and for vae and two prolons have been caiculated fér -

'théftranslead” nuclldes (‘u,umlly m(lu(hnu lend and’ th'lll\um) and are also
Vmcluded in Table 1. .

+ These hinding. cnc‘rg,n- do not exhibit Gxnouth trends-in all insmnrcw .md
perhaps he mass.values should be adjusted.sa that for example, ‘o sinooth

"'S’var\afmn;‘m- ?i\&.h fiass type of the ’neulron or two neutron h\ndmg energy o




i exhibirred forr

Loa s nutnbier Tach element; auch sengath tréwls might
Creasunably be evpactedand therefore such adjustinents rrayht tead tu betler
fahs values wn the @hole,  [Toweye r il way decided to presant in this re-

el the st date as ialeidaled fromtne experimeatal radioaelve decay
and e atroo hynding data without (his adjustimient, with the ‘hmlyht that fur-

ihf‘f’j(‘sl‘l!*; of iy st ather (aetor s imipht pomt: the wiy to i better method
Aftreatgunat whieh takes into account such trends ot reputarity. “The tr repu

barities are- most nronounced in the. repion af (he heavier transuraniam -
‘r'l"{l\!'i\lr. where the extriapolations Are e kLS i pee b ,‘_,“rﬁl\"; sithjert te

apfiteciabde creura. : : : : o

The break 1o ae \X’lun tinding eoergy ab the closed shell ol 176 nestrens

sty appacent lrogu the data ta-Tabile 10 with thi nindong envepiey’ for 'fu‘

-—*n'uh'utv Yeyond 120 wome 213 Moy e !hm thaae for e ;-‘; ot the sanye
Hidd type v.nh {26 newlrans vy fess, !

ENERGY SURFACE

A veryinterestagg waeoof the pnas data 14 tor The purpase ol construc

tran of an oenerey sur{iee Jor the eotire heavy naehide tegign. There wre
Cavtnally thaee energy suelaces fo he consadirod, s one carrespooding Lo atl
the puciodes aith odd mnases and the athes two corresponding o the even-
noand oddodd typea witho even masacy, poaantbly the el et Lypes tie
caisa o he gepirated bt twa sactaees cnsy espuniding to the evencodd and
Gl ewen types bt these ditfe e suly a Litthe. CFhe data aré nogt sulficysaliy.
sstensive i consder adb typen, but there does sevtn to be softictent infor-
soaltun to s unatract a surface tore L‘H]umtllrm to the adit s s Theoe are
soveral chspees as o owhat fuochion of Whe mass awi whil celationslips be
s tHie strans wud protons should be plotted an conr dinates, F e &
ahiew s neophotaaeaph of an actual madel of the chict gy Sacfaosn o iﬁ:?‘('e(‘:)(:tn
the plan ‘;5 thi £ {the als

trrcdio foor andtrl A e Lok
[

dala an the olwis

cronurnber b uaihe

) DISCUSSHONE

The ‘enrr gy sutdnce conaslescted throuph the use of e es
shown o Figure & shows ctearby (e Hevaentivrg vatl
peated. The =tioug effect ot the region aof the claved sheila, that io
etz o and B protans s otso apparent. {ihey ivteg J":ALH:;;I;1('-.1?:-;&1(111:“ S
Sim the determinatian o the beat it (o on rquation (ure the cale qlation ol ihe
tiavss ol a pacitde s terms ol 2 and A oand cdrtan poradietar i guivefinng
s buets Bstatbality] 4 posaible difference hetween tee enerypy ol protos
patring and nediron gairing correspoinding to Lwo enkryy surelaces fav the
andd pass o bede s, Lrends tnneatron andd pralon ading encrges, passibic
addibibnat regtons ot specind stability, olo . reguire additional study of the -
ddla Lefure they may be anawe red; L :

The datandicate which of Qie nachides are beta atabic {that ia, stable to-
ward the covgssionol negative bein pactieles gr the capture Of orbitat et
teans)e these wre anntopots Lo the Ustablet auctiddes o the vdvion betow
terad: Theae are ammmarisedlor vaneenience ia Table 20 i some tnniane
sher the wlarpudion 3a ot avidabie from the antss <data, predis

“hitve heen rpode on the basis ol asticipated cepnbariies  (An oentivaed
“uhove, these consitderatrons assuniesa m‘mr,nhlr- v ‘)nlx ihation to, stabnisty
oo the  fhy ncdbvandontfiguratios, swns mmp‘mn ﬂ!m h mu,m veoy we'l
tare ouf to bl ¢reoneods.) - : . :

A aumiber of-interesting obdervatians Can be piade f(mt.‘i‘nuni;r th’ﬁ -
stahle nuehides. ligted in-Table 20 It ig quite possible tha lhi.‘"l‘] mc«nt

“astaling fuuinbiny B5) hus nolbela stable iﬁeut('.igmeg,-w}; ihomay be-ac onge=-
Tquencee of ivls pos {ition, _;usL lw rond thu u vautyoniabelic- . Theldaw secmiio

Tindicate that actinon {Lhat i ["fna'“)) unthiv Towilrd the “enission of
rw;mtrmn.,.‘ W fasc nunn,,rpu%slhxi.(y VF vte N the mwrf:,a-xr i@ hwmnr 1 )
;m.allmry BIE Hns n: tlmal nndmyn !wwy whu h F./ln ‘\lvwrvxy_“_nvg_::_z f.r‘.u‘\'s_xvniz-r bt

J:

by o hiea Lt‘." 9.&,
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“be stablé toward beta emission. The element americiom {munber 5] inay
" possibly have two beta stable nuclides, with mass numbers 24) and 24}, al-
"‘though the question of the beta stability of mass 243 is borderling; this
“would be analogous to those odd-Z elements with two beta atable {sotopes
" in the region below lead, The queslion as to which isotope of berkelium
* (number 97)isbeta stable isa close one, with the posgibility of cither mass

number 247 or 249 or possibly both, The transcurium region is of course

subject to the greatest doubt because this is the reglon where the gredtest
" extrapalations are rade. S :

JPhe author wishes to express his appreciation to Richard A, (ilass for
help on tmany aspects ol thia subject, expecially with-the many calculations,
- and io Margie 5. Hollander for help in abastracting much of {the literature in
“connection wilh the large number of duta on radioactive properties which
had to be evaluated, ‘ o .
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Binding Enér.!“lleﬂ
En . E2n : . EZp

" . . Elementand Mass (1} neutron) (2 neutrons). (1 Proton} (2 proions) . -

Do

" g4-Polonium

. 210.05024 - 5,00 8,79 -
11,0544 4.5 4.9 9.4
“212.05687 . 6.0 10.53 5.85 10.2)
. 213,06120 - 4.32 10,3 5,80 10,80
1 214.06386 5.88 . 10,20 6.61 11,50
C215,06844 -4,08 9.96 6.48 11,86
216.07120 5.78 - 9.86 ' 12,56

. 217.07576 4.11 9.89 7.29 ;
© 218.07884 5.48 9.59
219.08345 4,06 9.54
220.08676 5,27 9.33
85-Astatine - ‘ ’ ‘
C211,055%32 ) ) 2.85 - 1.8%
C2l2. ' , ' - o
S213.06122 0 . 1.2 3.8y 9.8
21406498 4.8% 406 9,86
~.215.0676 5.88 107y 4.06 10,67
216,07169 4.58 10.46 © - 4.56 11,03
217.07436 5.86 10.44 - 4.64 -
- 218.07849 4.51 10,37 5,04 12,3y
- 219.08130 5.13 10,24 5,29 T
"220.08567 4.29 210,02 - 5,52
221.08847 574 10,03 5.99
. 86-Emanation Ce
 214.06399 $.00 8.5)
215.0676 4,9 : 5.‘ 9.1
- 216.06951 6.7 11,57 5.84 9.89
217.0735% 4.59 1.2 . 5,85 10,41 =
218.07581 © 6,52 11,11 . 6.51 11,15
219.07978 4.38 -10.90 6.38 14,42
S 220.08195 6.33 10,71 "~ 6.98 12.26
221.08607 4.51 10.84 - 1.20 12,11
222.08872 5.89 10.40° 1.3% 13.34
22%,09289 4,47 10.36 :
224.09%78 - 5.68 10.15
87 -Francium Co ; , T
217.07418 o SR 3,23 7 .9.06
© . 218.07745 ‘ 531 398 9.80.
219.07950 6.44 11.7% 3,87 10.38 -
220,08287 5,21 c 11,68 4,70 11,07 -
221.08513 6.2% 11,46 N WY1 11.60 -
- 222,08880 . 4,93 11.18 C 8,04 12,24 -
S223.09019 - 6,13 11:06 . 5.28 12,63 -
© T224.098%13 . 4.68 10,81 - 5,49 s
T 22%,09751. 6.14 S 10,82 - . 5,95
ey , g

©226,10173
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Binding Energy (Mev})
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© Table 2

TBETA STABLE NUGLIDES IN TRANSLEAD REGION

0 P P22, " e

- fBisnuth - . i } B -

Patoniam B i 212,208, 234, 216

- Astatine o ' ’ o
-Emanation ot V6, 21T 218,220, 222
Francoun. 14 ) : )
Radinm ™ PR, 220, JAN,2208, L2524 26
Achinium

< Thoriam 224, 226, A2, 228, 229, 230, 232

SOProtactiniuin 2 : ) -

~ Uratium. . A2, 203 A4 AN, 236, 438
Neptupium [ - T : ’
Plutoniun 238, 239, 240, 242, 244 (7}
Americtum -~ - 241, 243 {7?) ’ - R
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- Berkelium - 247(7), 249(7) A i
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