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PRODUCTION’AND DECAY PROPERTIES
OF THORIUM ISOTOPES OF MASS 221-224
- FORMED IN HEAVY ION REACTIONS

_ﬂKélevi Valli,t Earl K. Hyde, and Jgrn Borggreent

Nuclear Chemistry Division
‘Lawrence Radiation Laboratory
- University of California

' .Berkeley, California

October, 1969

ABSTRACT
,  Tn order to search for new neufron-deficient isctopes of uranium and

.209Bi and 208Pb were bombarded with beams of zzNe,

2O-N.e,,lgF, 18O, 16O, lMN, and l20 in the Berkeley HILAC. The reaction preducts

' were transported from the reaction cell by the helium jet technique and their

alpha disintegration characteristics measured by on-line techniques of alpha

SPectfoscopy._ Energy values, excitation functions,and half lives of alpha.

particle groﬁps were measured. Only ffagmenﬁary evidence for uranium nuclei

‘was found béqause of intense losses by nuclear fission but definité'proof was

obtained for the previously-unknown millisecond isotopes 222Th and. 221Th

and for their decay products 218Ra, ZlhRn, 217 213

Ra, and Rn. Improvements
‘The hew alpha data help greatly in the determination of the trends in

alpha.decay energies for .isotopes of even Z elements particularly in the

'vpoorly 1efined region just above the 126 neutron shell. This allows ﬁhe prepara-

' tion of more. reliable set of predictions for many unknown nucl?i.

i’
*This work was performed under the auspices of the U.S. Atomic!Energy Commission
t Present address, Dept. of Physics, Univefsity of Helsinki, Heﬁsinki, Finland

$+0n leave from Niels Bohr Institute, Risﬁ, Denmark
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I. INTRODUCTION

We have published a series of papers on the alpha-decay properties‘of

3 5

radium,u actinium,

Cand thorium;6v Inzthis_work heavy element targets were bombarded at the Berkeley

Heavy Ion Linear Accelerator (HILAC) with beams of .lZC, th’ 160, Z%e  and

other iOﬁsf The helium-jet transfer technique was employed to transport the

: products of the nuclear reaction from the gas-filled reaction cell into an

eyvacuated couhting chamber where the alpha radiations of those products could

“be studied with semiconductor detectors. Half-lives of the nuclides reported

in these studies fell in the range of minutes down to milliseconds.

The purpose of the present’reséarch was to exploit the improved speed

) capabilities of the helium-~jet transfer technique6 in order to get information

~on an island of "missing”:nuclides with neutron number 128 or a few greater and

atomic number between 86 (radon) and 92 (uranium) (see Fig. 1). The-present

‘lack of information on these neutron-deficient nuclei is caused by the difficulty

in préparing'them and by their short alpha-decay lifetimes which reflect the

high alpha-decay enefgies for nuclides just beyond the 126-neutron shell. The

' general pian_was to prepare isotopes of uranium and thorium with mass numbers

» less;than“those previously reported. Seﬁeral of these could be expected to

© their microsecond half-lives.

 have'ha1f—lives within the milldisecond range of the on-line techniques and

'furthermoré,zthey could be expected to initiate a chain of alpha decays which

WOuld provide .information on radium and radon daughter activities. These .

‘daughter products could not be studied as direct reaction products owing to

.
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‘This new 1nformat10n was sought partly for the 1ntr1n51c 1nterest in

A'nuclear data on unknown nuclel and partly for the 1mportance of the alpha decay

' data in mapping out the systematlc trends in alpha decay energies near the

126 neutron shell. ThlS information in turn has con51derable 1mportance for

§ the estimation ofvground_state masses,“the evaluation of atomlc mass formulas,

ete.

An additional strong reason for this study is the need for the results

in a proper interpretation of alpha data observed in the interaction of heavy-ion

projectiles with uranium or transuranium element targets when these interaCtions

-are studled with the goal to produce new 1sotopes of transfermlum elements. In-

~asmuch as the alpha decay energies and half lives of some of these 1sotopes

may-be similar to those of the nuclldes in the lead to uranium region and

inasmuch as the lighter products may be produced_bypunusual nuclear breakup or
.transfer-reactions in the heavy target or by reactions induced in lead orhbismuth
: trace impuritiés in the target it is quite lmportant that the properties: of

_these llghter nuclides be wéll known

20931, 206Pb, 8Pb, ang 297

Tl were bombarded with beams
18 16 1k 12 '

,. Targets of
2z 20,

:of" Ne,. " Ne; 19F, 0o, ~0, °'N, T°C, and llB in order to produce excited
: {compoﬁnd nuclei of uranium, protactinium, thorium, actinium, radium; and’radon.

'Elghteen comblnatlons of target and projectile 1nclud1ng those llsted in Table I

were studled but the main results were obtalned with the comblnatlons ZOSPb +_22Ne,

208, . 20 . 209 l9F 208 16 s L 22

Pb + ““Ne, “°7Bi + ~°F, and Pb + ~°0. 1In this regard the °°Ne beam

-Jﬁcapablllty of the HILAC was particularly valuable.

For each reactlon system the radlatlons emltted by the collected

1reaction products were'measured with semiconductor detectors to'determlne_the_
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alpha ehergy spectrum, the relative abundances, and the half lives of the peaks

in the speétrum. From these data and'from the changes in the speétra as a.

.'function of ‘the bombarding energy, it was possible to determine the nuclide

responsible for nearly every peak in the spectra and to establish genetic rela-

tionships. These assigmments were strengthened by érguments_based.onfthe
. | ,

_energetics,of the nuclear reactions and on the expected trends in aipha-decay’

properties.

The main advantages of our expefimental techniques are that the lightest

:viéotopes of the elements of interest are prepared free of contamination with

~ heavier isotopes and are isolated rapidly without the necessity for radiochemical

separation techniques, so that products with half-lives as short as milliseconds

can be investigated. The lightest isotopes of uranium in published reports

229 228 227

U, 9.1 minute U, and 1.3 minute

232

are 58 minute U prepared by (@,7n),

Th targets. Uranium-227
9

(ofn), and (@,9n) reactions, respectively, on

234

Pa(p,Sn)227U reaction.” The lightest thorium

has also been made by the

isotopes known from past work7'(with the exception of the mass 213-217 group

223 224

studies in our ownh work6) are 0.9 second Th, 1 second Th, and 8.0

225

Th. These have been studied as members of decay chains supported by

vdecay of longéf*lived uranium parents.

Although the heavy-ién reaction method has some strong advantages over

‘the '(a;xn)..metﬁod for the stated purposes, it has the big disadvantage that

the yields of the products of compound nucleus reactions are more severely

reduced by nuclear fission, probably because of the high angular momentum

:brought into the compound nucleus by the heavy projectile. At a bombarding

energy sufficient to overcome the high Coulomb barrier, the excitation of the

-nucleus is adequate for the evaporation of three or four neutrons and at each
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- eveporation step there is a loss.by fission‘competifion;:at theehigh bombarding
.energies the loss Jie nuclear fission is progressively greatef. A§.e resglt

we Were not.able to prepare samples of the uraniumvisofopes;_ On the other
hand the fiésion competitienjin reactions of the type"(projeetile,.fon)‘wes
much less end'coneeq&ently the.yield of the "aiphamout“'produet was eonsidef;
~ably enhanced relative.to fhe pure neutron evap0ratioh product:sd that(fhe>
dominanﬁ contribution to.the.alpha spectra came from the reactions of ”albha_

2O8Pb with neon isotopes the yield

“out" type. Thus, in the bombardment of
' of‘ thorium isotopes was moderately high. There was also some lesser contribution
‘to the observed products from "broton—out" reactions such as the following

208 209 rzzu-xTh'

examples’: Pb(l60,pxn)223-xAc and Bi(l60,pxn)
o Figure l showe the foﬁr series of genetically¥related nuclides aboﬁt

whiéh new iﬁformatiOn was.obtained in this stﬁdy and shows their locatieh‘ih
the chart of the‘ngclideé. The;stable'isotopes used es.targets are‘alsgjshown
iﬁ’theffigure, | |

| Aﬁother consequence of the removal of the main reacfion produets by -
nuciear fissibh_is the prominence in the alpha spectia of peaks from anothefv
figroup of.bfodﬁets resulfing frem transfervdf a few nucleons from the projeetile
i to the‘target.' The most prominent of these are lePo, lemPo, and 2124 eand ;i

.212mAt made_by.the transfer of a few protons and neutrons to the 208Pb er

209 21k

““Bi ﬁargets..'In some experiments Fr and 2lumFr were also produced.
- These partiél transfer reactions are quite interesting in themselves and warrant
. further study;‘but in the present investigation they provided unwanted background.

' As Fig. 1 indicates the results in this paper relate only to even Z

.'pfoducts in the group of nuclei with more than 127 neutrons. In a second
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' paperlo'we shall‘discuss our results on alpha-décay-chains initiated by neutron

deficient isotopes. of protactinium in which new information is presented on
isotopes of protactinium, actinium, and francium.

The experimental téchniqﬁes are described in'the following section and

the results on individual chains of alpha emitters are preéented in the succeed-

ing sections.

II. EXPERIMENTAL
- The eXperimental techniques were the same as those described in detail
in a previous report6 so we present only the essenfial features here. The

apparatus consisted of a 1 cm3 target'chamber kept filled with helium to a

pressuré”of_two atmospheres and of an adjacent large counting chamber evacuéted

continuously with a vacuum pump of high capacity. A capillary 8 cm long and

0.5 mm in diameter connected the two chambers. The heavy ioh beam entered the
farget chambef th:ough a Qindow of thin nickel foil, passed thr§ugh a thip layer
iof the target:@atéfial depositea on the back surface of the hickél window,
eﬁerged from ‘the réaction'cell throughanother thin nickel window, and finally
stopped in a Faraday cup. Nuclear reaction products recoiling out of the target

were slowed down by collisions with the helium gas atoms and became entrapped

ihtthe stream of helium sucked out of the reaction cell through the,capillafy

into the evacuated counting chamber. The gas jet impinged on a metallic surface

and thé heavy'recoil atoms, traveling at near-sonic velocity, stuck to this

surface.

The 'alpha decay of the collected nuclei was detected by a semiconductor

~detector facihg the collector. The signals from the detector were amplified

iho
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by_sténdard electronic techniques and the amplitudes of fhe final pulées.were
méasured with a 1024-channel analog-to-digital converter coupléd to a 'PﬁP-7
.computér. A special electronic programmer was usedhfo syhdhroniie data collec-
Ktion and storage ﬁith the opération of the acceleratér. The normal duiatioh

- of the HILAC beam pulses was L msec with 20 msec between pulses. In the
usual mode of data collection the éomputer input was blocked dufing the beam
" bursts when thenradiation béckground was high and was gated on durinthhe
rinterQAl between successive beém pulses.

' In ﬁormal opefation the energy of the HILAC beam was fixed at 10.3 MéV
per ﬁucléon. -Thus the maX¥imum energies of the.ions used in this study were

22 1 16 18 th 14k MeV,

Ne 227;Me?, 20 206 MeV, O 196 MeV, 0 165 MeV, 0 185 MeV,
‘lZCvl2h MeV,_;and llB 113 MeV. Lower beam energies were obtained by inéerting
'staéks'éf 1.72 mg/cm2 valuminum foils by means of aﬁ absorber wheél placed in
- front of fhé eﬁtry wiﬁdow of the reactién cell. The range-energy relationships
oAf“N‘orthcliffell’l2 were(uééd to calculate the beam energy degradation in the
absorber foilé, in the chamber Qindow, and in thé target material.

" For the purpose of making quantitétive measurements of the changes in
‘the spectra with change .in beam energy, the beam waé méasuréd with a Faréday
';cup and series of measurements were made wi?hrdifferent values of beam energy
i for a sténdardiéea Vélué o% the integrated beamicurrent.‘ A typical run timé
lifor‘an individﬁal‘measﬁremgnt_was 30=60 minutes at a beam current of 200-500
nénéampefes;-" |
» For the puquse of-ﬁaking half-1life measurements the electronic pro-

'érammer was used in other ‘modes of operation. For half-lites in the millisecond .

. range the period between beam bursts was divided into 4, 8, or 16 equal intervals
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and the algha disintegrétions.occurring in each time period were recorded in
différent seciions of the coﬁpﬁter memory. in the case of longer half-lives
.thejcomputer inbut was blocked during a bombardment period eéual to several
. half-lives,_after which thg beam was turned off and-alpha—count data were
cgllected during u, 8,‘orv16 equal(time periéd? and separately stored in the
computer memory.v‘The beém was then turned back on and the process repeated.
The'apparént half—lives determined for activities in the millisecond
range had to bébéorrected for theveffect of the 17 millisecond period required
to repléce one Chamber volume of helium as this gas streamed through the chamberf
~The targeté were prepared in the following manner. The natural bis-
muth target was made by vacuum evaporation of the element to a thickness of

1;7 mg/cm2 on . nickel or copper foil backing. Separated 208Pb,'206Pb, and

'ZOSTl were obtained from Oak Ridge National Laboratory with the following

208 206 208

Pb 99.3%, “OTPo 0.524, and °Pb 0.19%, “CPb 1.L9,

20311 1.0%. The thallium

isotopic compositions:
206

E%py 1.3%, and “%po 97.2%; ana “°T1 99.0% and
iﬁargets were vacuum evaporated. Some of the lead targets were vacuum evaporated
and others were electroplated. Target thickness varied between 0.5 and lO'mg/cmG.

The most usual:thickness was 2-3 mg/cmz which is approximately equal to the

range of the recoil atoms in the target.

The*aipha detectbfs were silicon surface-barrier detectors withvaﬁ'
-active area of  50 mﬁz and a 1 mm-diameter hole in the cehter through which
jthe‘capillary passéd. The distance from the collector surface to the_detéctbr‘
lycorresponded ﬁo.a solid angle of 15% of Lx. The energy scales for the alphal

spectra were determined primarily by use of calibration standards taken from

the actinium and thorium series,13 in particular, 211Bi 6.622‘MeV,v219Rn 6.8176 MeV,

: ity I
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lePo 7.3841 MéV, and 212Po 8.7854 MeV. The calibration spectra were measured

‘simultaneocusly with the reaction spectra to be calibrated in order to eliminate
any possibility of gain shifts caused by beam-on ané beam-off effects. Some

known peaks in the reaction spectra were used as secondary alpha standards,
214

particularly the following:

2lhp, 8.426 Mev,® ana 24

Ra 7.136 MeV,hv 21oRa 8.698 Mev;6 2L3pr 6.773 Mev,?
6 |

Fr 8.5&9 MeV.
A general comment should be made on the relative intensities of alpha

groups belonging to the same decay chain. The members of the chain with half-

lives short compared with the duration of the measuremenfs (~30 min.) reached

radiocactive equilibrium with each other ahd thus had equal intensities. This

criterian’ Waﬁé - used in several cases to seek out less prominent groups in

the alpha,complex structure} However, there are two experimental effects which

- can distort the intensity pattern. The 25 psec deadtime of ﬁhe analog-to-digital

converter:maxvdepress the intensity of a short-lived daughter by an amount which

can be as gréat as the solid angle of the sample-detector geometry, in our case

. ~15 percent. Also when the daughter half-life is shorter than the 2 pusec

integratién time used for pulse shaping in the main amplifier, the pulses from.

"fhe parent'éhd &aughter may pile up éausing loss of intensity in both peaks.

| ‘HA éénsidgration of these effects caused s to devise a method for the

imeésuremgﬁtuofimicrosecond half-lives. The method makes use'bf a timé;io-agplitude

- converter (TAC) incorporated in the electronic system shown in Fig. 2. One

1 unconventional'feature is‘the use of signals from the same detector as inbut

:to both”stafﬁnand stop sides of the TAC. ATo pfevent anvin&ividual pulse from

Vsérving simﬁlfaheously as start and stop, a delay was inserted on the start‘:

side. Any pulse on the start input could fire the TAC for its preset cycle
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@ime and any'second pulse reaching the stop input during this cycle time could
- causehﬁhe abpearance of a pulse on the time output of the.TAC. ‘This time pulse
waé passedvﬁb a computer interface unit. The valid-start and valid-stop oufput
éignals weréjused'to-gate the passage of the linear signals associated with‘the
start ana stoﬁlpulsesvtq the same computer intgrface. The pulse stretching"and
gating circﬁitry shown in Fig¢32 was required %o insure time coincidence of
the three puiseé presénted to the computer interface.
B A ébmputef‘program, MULTID,‘was used fo control the acceptance and’
pfo¢es$ing of the pulées by'a PDP-7 computef; Whenever signals appeared
h simultaﬂeously on the three inputs the pulse amplitudes were coded and stored
és an eVEﬁt reéord on ﬁagnetic tépe. The‘disfributions over the three parameters
‘Were shown oanine during data recoraing. After the experiment the events on
. thévmagnétic tapé.record were analyzed with the program,MULTIé by settingv
;MSélectioh criteria (windows) on any two of the three parameters and*exaﬁining
" the corresponding distribution of the third. For éxample, windows éouldvbe'set
~on specific alpha peaks in tﬁe starf (parent) and stop (daughtér) spectra and
‘the cdrrespénding time spectrum examined to determine the half-1life .of a specific
nuclidé.  IA a second sort &indows could be set to permit examination of the
centire start1$pectrum corresponding to specific regions of the stop and timé
spectrﬁm; |

»The;ogserved effect is proportional to the square of the detectiOn geomét£y.
.»:TQ ingrease the latter the alpha activity was collected on the gold surfaéé'offa'
‘ planar seﬁicSQdthér detector. To permit examination of ha;f-;iyesvascéhbffvés l usec
time cdﬁstagfs:of 0.2 usec were used in the pulse shapiﬁé-network éf thé |

- main amplifier.
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“We owe thanks to Professor R. D. Macfarlane for calling our attention

t0 the usefulness of a TAC unit for such applications.

III.  RESULTS

A. 'The Uranium¥228 Decay Chain

Sampies ofi 228U have been isolated prev1ously by Melnke, Ghlorso, and

- Seaborg,7 by Or,th']'LL and by Ru128 from thorium targets bombarded with high energy

'protons, and the decay chain has been determined to be the follow1ng

228 a 22hg, @ 220p, o 216, _a . 212, o 208,

9.1 min 1.0 sec 23 msec 45 psec  0.30 psec stable

Withln error. limlts the three 1nvest1gatlons agree about the energies of the
main alpha groups, as shown in ‘Table IT, but the study of Ruiz is the latest

Sand the most complete. Ruiz reported an upper limit of 5% for the electron

capturevbranching of 228U and 100% for the alpha branching of the remaining

Hmembersﬁof the chain.

‘fIn ouriwork none of the available combinations of projectile and target

228

permitted the'production of U by compound nucleus or partial transfer

.reactions (see Table I), in the >208Pb + 2%ye combination the 2% compound

ucleus had too much energy’ for the emission of only two neutrons and in the

Al209 22':

Bi + ““Ne- ‘combination the ( Ne,pzn) reaction cross section was low.ﬂ'Hence,'

224

it was’possibie to study the series only from Th and the most useful reaction
)Zthh

1rfor this provedvto be 208Pb(22Ne,a2n

v
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22k

The alpha groups of Th and its dauéhters produced in this way at

" two energies of the " ZzNé beam are‘displayed’in. Fig. 3. Our alpha energies
(Table II) agree with those of Ru128 and our va;ue of 1.03 £ 0.05 sec for the

. half-1life of 224Th confirms the value reported by Tove.15

The exéitatioh
curves for the activities were determined by bombafding at several energies
for a measured amount of beamvcurrenf-and integratiné undér each.alphé peak'
" in the spectfum,(see Fig. k). With thé exception of the complex 7.45 MeV
ipéak»the excitation curves have similar shape with yield ﬁaxima‘océuriné at
)97 MeV beam énergy not far above the estimated Coulomb barriér.:‘This ié

2Q8Pb(22

l reasonable for the maximum yield of the Ne,x2n) reaction as judged

>

from our previous studies of reactions of the "alpha-out' type.

The high intensity of the 220

Ra peak is due to an admixture of the
 7.448 MeV group of 2J'lPo which is produced directly by a partial transfer:
- reaction. -

22l . ' '
Our results on the Th and the remaining members of the chain are
"summarizéd'ianable II. They confirm what was known previously’and_are chiefly
useful in establishing the validity of the experimental technique and in fixing .
" the excitation energyvfor the maximum production of a thorium isotope of known

mass number. ?This last information was needed as a check point for the iden-

"tification of fhe;lighter thorium isotopes produced at higher beam energies.

B. The Uranium-227 Decay Chain

Some preliminary results, on the properties of the 227U- chain were

T : ’ e y



.jenergy Jjust above the Coulomb barrier (about 90 MeV), but the

H

only one possible for the production of

(Table I):

‘ from 223, produced directly in the
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obtained by Meinke, Ghiorso, and Seaborg7 on uranium sampleS'quickly isolated
from thorium salts bombarded with 150 MeV. helium ions.~fThey'formulated the

chain as follows:

215 ‘o 211 « . 207.

B2Ty @ 223py O 219, A 2l0p, A Ellp, O 207,
1.3 min short short - - short 0.52 sec stable
" These assignments have recently been confirmed by Hahn et _al. 9 who

prepared the same series by the 231Pa;(p 5n) 37U reaction, except that they

obtained somewhat dlfferent alpha particle: energies (see Table IID).

In our work the ,208Pb + 22Ne target-projectile combination was the

227

U Dby a compound nucleus reaction

208

2z 7U yield is

. -greatly reduced by fission and the main contribution to the decay chain comes

208 1223

Pb(zzNe Q3n Th reaction. This

. reactlon has 1ts max1mum yield at the higher beam energy of 110 MeV

In the alpha spectra shown in Fig. 3 there are several peaks which can

be assigned to‘ 223Th and to its decay products.‘ In Fig. 4 the yield-versus1

ﬂysionvis‘supported‘by the half-life measurements which showed a prominent |

-bombardlng energy curves are shown for several of these peaks. Despite the

"fact that someé of the groups at 7.28, 7 31, 7.68, 7 98, and 8.68 MeV are-

complex the Similarity of the excitation functions 1ndicates that the groups--

t'or‘significant fractions of them--belong to the same decay.chain. This concluf

e 0-669Seci :ﬁcrcomponent in each of the above energy groups. We show below that

223

the 0.66 sec half-life can be assigned %o Th which means that the direct

Pb(ZZN e,3n )227U. This reaction has its highest yield at a beam
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production of 223Th dominates over the indirect production from

223

vdz7U decay.

Hence, we can compare the enefgy of the peak yield for Th (109 MeV) with

that for 22uTh (99 MeV); the 10 MeV difference is reasonable if the effect

22k

of the Coulomb barrier on the Th cfdss section curvé is taken into account.

The assignment of the individual peaks to the memberé of the v223Th.
decay éhain was-madé on the basis of alpha—paﬂticle eﬁergies expected from |
::§ysteﬁatic‘trends in alpha~decay energies and frém intensity balancé arguménts.
The resultihg assignments are summarized in Table III togeﬁher'with the results
_of Hahn et al.’

The detalled arguments leading to our assignments are presented in'the
'next sevérai paragraphs. |
1. Thorium-223

In the 2O8Pb +’22Ne experiments peéksvappeared at 7;28»and 7.32 MeV
_ in the spectra (see Fig. 3) with a yield maximum at a bombérding energy of .
109 MeV (see Fig. k). These peaks had a half—lifé of 0;66 seconds. These

1223

properties‘are reasonable fqr Th éxcept that the 7.31 MeV group is about

300 keV' lower than the expected value for the ground state transition (see Fig. 17)

so that a weak ground state transition of 7.65 MeV. may remain to be found. This

22, “2lpn, ana %89

would not'bé %urprising since the favored decay for
| is to a lével .200—300 keV above ground. The 0.66 second half-life cannot

" be assignedfﬁo-gny member'férther' down the decay chain without éxtraordinary

assumpfions abquf the alpha energy'versus half-life relationship. Nor can it
-;be aésigned to a 227U pafent because the saﬁe 7.28 and 7.32 MeV peaks‘were
' | 208

' “observed to occur with the same 0.66 second half-life in the case of Pb

223 (19

bombarded with l9F, ~in which experiment Th was produced by the . F,p3n)§

reaction and 22(U could not be present.
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The 7.28 MeV peak in the spectrum contains a mixture of Th and

. some 25 second ez Po produced in a direct transfer reaction. On the basis

of half-life measurements made at a beam energy of 115 MeV, about one quarter
. ' s 2llm,,

of the combined 7.28 and 7.32 MeV activities belongs to 0. The same

estimate was obtained by comparing the combined intensity of these two peaks

to that of the 8.68 MeV peak of “*”Rn, which indicates that the whole in-
tensity‘ofrizzs

Th, 'within-limits of a few percent, is included in the 7.28

- and 7.32 MeV groups. The estimated intensities are 7.28 (60 * 10%) and

7.32 (40 £ 10%). 1In bombardments of 208Pb with l80 the 223

Th series was

produced in good yield (see Fig. 5). Our most accurate value for the half-life

223

: of Th, tl/2 = 0.66 + 0.01 sec, was obtained from measurements made with

‘this reaction.

" 2. Radium-219

We assign peaks at 7.980 * 0.008 MeV and 7.680 * 0.008 MeV to “JRa

and estimate the relative intensities as 35% and 65%, respectively. In this

'analysié we allowed for the fact that the 7.98 MeV peak is a mixture of‘ 219R§

and 12?2Th. ‘The assigmment of the 7.68 MeV peak to 219Ra rather than .

. was madé on an intensity argument: namely, that with this choice the total !

219 223 215_°

- intensity of the Ra' alpha groups is equal to that of the Th &nd

peaké; whereas with any other assigmment the equilibrium intensity balances would

219,

be quite‘wroné, _The assigment of the two peaks to
' ’ 208

'their observation in samples prepared by bombardment Pb with l60; in this

case “PRa  could be made by the (l6o,an) reaction and 225Th could not be
present.-
: 208 16, : . o
The Pb + 770 reaction was used to make samples for a determ1nat10n|
of the 219

Ra half-life by observing the decay of the 7.68 and 7.98 MeV peaks

223y
“Rn -

a was also based on !
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. of 219Ra as well as the 8.69 MeV peak'of 215Rn._ Figure 6 shows alpha

spectra from the reaction and Fig. 7 shows some excitation function curves for

22

‘ . )
these peaks. 'The'>7.98'MeV_ peak 1is strongly'cqntaminated with “Th and

‘hence is unsuitable for a half-life measurement. The 7.68 MeV peak was also

impure but had a higher percentage of 21984, The 8.69 MeV peak of 215

is contaminated with 8.698 MeV 21>

215

Ra at beam energies abdve‘ 100 MeV because

219

of thevformatiOn of Ra from the decay of Th produced in a compound

nucleus reaction. Half-life measurements of the 7.68 MeV and 8.68 MeV peaks
-~ were performed at beam energies which minimized the contributions of these
contaminants (87 MeV in the case of the 8.68 MeV peak) and a half-life component

vof 10 % 3 milliseconds was determined and assigned to 219Ra. "In the’study

208 1k 219 (lh

of the Pb + N reaction we observed Ra prepared by the N, p2n)

- reaction and measured a half-life of 10 * 3 msec for the 8.68 MeV peak of

215 215

Rn, in this case with no interference from Ra.

3. Radon-215 : L “ S

The ~ 8.68 MeV peak observed in all spectra containing the 223y, decay
‘chain has the expected energy for 2158n (see Fig. 17). The half-life values

of. 0.6 séc or 10 msec determined for this peak in the experiments'citedv

223 219

above belong to Th - and Ra parent activity respectively. The half-

215 208 18

~ life of’ Rn was determined in the Pb + T 0 experiments by use of 'the

“time-to-amplitude converter method discussed at the end of the. experimental
 Sectidn: ~the value was 2.30 £ 0.1 psec. The off line sorts of the data_by»use
...6f'the MULTISvprogram also gave accurate values for the intensities‘of.thé; o

?lgRa’alpha‘groups which are entered in Table ITI. Our best measuremenf Qf‘k

'

the alpha-particle energy is 8.675 = 0.008 MeV.
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C. The Thorium~222 Decay Chain

- There is no published literature on the properties of the '226U decay

chain which should follow this sequence:

|226U o 222Th a 218Ra [0 >721L+Rn a 210PO 1o >,206Pb

138 days. stable

The first two members of this chain might be expected to have half-lives in
 the range of milliseconds and the radium and radon daughtérs in the range of
microéeconds;

'In the present study formation of members of this series was expécted
from four compound nucleus reactions 208Pb(22Ne,hn)226U, 208 222

, Pb( o 2n )
:208 180’un)222Th, and 208 ( C,2n)218

Pb ( Ra and from four "alpha-out” reactions.

.h208Pb(22Ne,oAn)222Th, 299851 (1%, azn)#%4m, 2085 (2%e | 20 )2221m, ana 2%pb(*0,0zn)

>'218Ra. All thése target-projectile combinations were tried (see Table I) and
_the'ovefgll result was that no clear-cut evidence was found for 226U even in

208Pb(22Ne,4n)226

“the most favorable réactﬁonbwhich was U. This can be attri;_

'bbuted to the large loss by flss10n. On the other hand cléar proof was obtained4
for; 222Th partlcularly in the 209Bi + 19F and 208Pb + ZONev reactions.
Specﬁfa fromvﬁhese‘exper;ments are shown in Figs. 8 and iO and the exéitation

" function curves for the main alpha groups are shown in Figs. 9 and ll.: The

‘hhalf llves determlned for these groups are shown in Pig. 12. |

The alpha groups w1th energies of 7. 98, 8.39, and 9. Oh MeV certainly

- bélong;to a single series on the basis of their similar excitation functiohé
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and decay curves. This series can only be the 22y e>218Ra €>214Ra family -

on the basis of decay energies predicted from trends in decay energy as dis-
cussed below and displayed in Fig. 17. Furthermore, the yield maximum at

100 MeV tbeam energy which is O MeV above ‘the estimated Coglomb'barrier in the
_ 208Pb + ZONe reaction and 7 MeV below the yield maximum for the 221Th decay
| R 222

chain (discuésed'later),is reasonable for the production of

208

Th by the

Pb(zoNe,OEn) reaction. We thus make the following assignments: 222Th,

218 zlu

7980 % 0.010 MeV, Ra 8.385 * 0.008 MeV, Rn 9.035 * 0.010 MeV. The

'three alpha peaks decay w1th ‘the same apparent half-1life of 3.1 msec  because

C the expected half-llves for 218Ra and 214Rn lie in the mlcrosecondvand_

.sub mlcrosecond reglon and the 222Th half-life is controliing; The‘apperéntﬁ
?Ehalf-life has to be corrected for a dlstortlon caused by the time- of- transport
,: of the recoll act1v1ty out of the reactlon cell and we estimate the true half—'.
pllfe to be 2 8 0.3 msec. We conflrmed the fact that the v lBRa half-llfeA

L ds much shorter by falling to flnd the 8.385 and 9;035 MeV peeks'among the‘

'products of the | 8Pb + 120 reaction.
| Small amounts of - '? “Th were made by the 208 ( Zie dn )222
- reaetion'(§e¢{Fig. 3) and;by the ' 208Pb( 0,2n) reaction (see-Figs 6 and 7).
i-No'eYi&eneeeotfproduction»of 226U or 2225[‘h was found bp reéotionS'of the

'fprotopeoﬁtﬁ%ttype. ‘ |
o The;i;tehsityvof the' zngh, 218Ra, and zlhRn 'peaks should be.equél,

tbut in;ourfspectra and excitation funotions“(see Figs. 7, 9%.epd‘lD_the.reia;

.]‘tiVe‘intensity of the 7.98 MeV group is high; Part of thiseexoesstcanppe:

R ettributed to'12;9Ra vcontaminatioh of the. 7.98 MeV peak but part is an

208, 18

i:eﬁfect"ofvpulse pile up as discussed in Section II. The 0 reaction,‘
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ST — A\ i
was used to produce the 222'.['h . series for a coincidence experiment of the type

shown in Fig. 2 and discussed in Section II. The 222qy, peak at ‘7.980 MeV

218

was observed in the start spectrum and both the Ra peak of 8.385 MeV and

the 2']'L*Rn peak of 9.035 MeV were observed in equal intensity in the stop

spectrum. An off-line soit of the data gave a value of 14 * 2 psec for the
218

Ra half-life.

218

.. The absence of the Ra alpha peak in the start spectrum indicafed

that the zlhRn half—life is too short to be measured by this method. We
then made use of a variation of the method, to be described elsewhere (Ref. 10),

in whiéh the sum peak of the mother-daughter alpha group was recorded togeﬁhér_

. with fhe'time delay between both pulses. We were able to determine a value of

214

10.27 % 0.02 usec for the Rn half-life.

“Our results on the 222Th decay chain members are summarized in Table Iv.

While this Woik was in progress independent data were obtained by Torgerson and

_Macfarlanéir‘as_listed in Table IV.

D. The Thorium-221 Decay Chailn

: The uﬁknown isotope, 225U, must decay by the followihg chain of élpha
_ emissions: . i ' o : j
225U ,a‘§ 221Th ., 217Ra va S 213Rn 2N 209Pd Q. 205Pb
' ' 19 msec 103’y = 3x107 y
i L. s 221 S
. Thevhalf-llves of U and Th can be expected to be in the millisecond .

frahge While that of 21(Ra should be of the order of a few microseconds. -

We searched for ‘225U in experiments done with the most favorable»l

- L . 22 ' L

target projectile combinations, which were 208Pb + 2N’e, 208'ij+ 2ONe, and
209_. 19 . i . . . '
Bi + ¥, but found no evidence for it; we attribute this to loss of

i

———
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221,

uranium nuclei by'nuclearvfission. We found clear ev1dence.for Th pre-
pared by the following reactions 208Pb( Ne,o. 5n)221 208Pb( Ne, 0. 3 )22l h,
209Bi(l9F,a3 )%, and '208Pb( 0,3n )221 h. Some information was also ob-
tained from the 206Pb( Ne ;an)ZZlTh reaction. -
The ke& to the identificationvof members of the 221Th family is;the
213Rn which emlts 8.090 MeV alpha particles with a reported

presence of

© 19 msec half llfe.17 In the present work a spec1al attempt was made to re-

measure the half-llfe of :213 208

;'lZC ions to produce 217

Rn. A Po target was bombarded with 65;MeV

Ra, which has such a short half-life (1.6 usec ~as
' reported below) that it completely decays before it can be transported from.

213

"vthe reaction cell by the hellum gas flow. The Rn daughter remains 1n the
gas stream and 1t was poss1ble to collect it on a- collector surface cooled by
: llquld nltrogen. -The effects of this collector surface coollng on the spectrum

nls dramatlc as shown in Flg 13 The 212Rn and 213

Rn peaks at 6.269 MeV
and 8. 090 MeV, respectively are clearly;present and a smaller'peak has

‘,appeared at‘wj,55 MeV. Half-life measurements of the 8.090 MeV alpha group

 gave the.valué' ti/2 = 25.0 * 0.2 msec for 213pn.  The 7.55 'MeV peak decays'
‘Wlth a half-llfe of 20 % 5 msec. It may be assigned as a 1% alpha branch
13 '

Rn.pf(
In the study of the other reactions by the normal technlque, the repeated

>'occurrence ofralpha groups of energy 7.73 (low 1ntens1ty),‘ 8.15, 8.47,_‘

f8.99 MeV _Wlth excitation functlons similar to the 8.09 MeV;'?l3Rn' made it .

' pOssibleato‘assign these peaks to zleh ‘and 217Ra-.
:,Consider the spectra in Fig. 10 and the yield curvestin'Fig. 11. "The.
a7,73,'8.09, 8.15, 8.47, and 8.99 MeV peaks all have a maximum yield at ‘iO9 MeV,
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18 MeV above the estimated Coulomb barrier, which is quite reasonable for a

209 19

20 )
(““Ne,a3n) reaction. The Bi +.

these alpha groups and for their assdciation'as a family.' See Figs. 8 and 9.

225

It was impossible to assign any of these peéks to | U .and it was concluded

2z21

that . Th 1is the primary product and parent of the observed series. This

208, target with %6 in which 227

could not be. formed and 22ley  could easily be made by the '208Pb(l6

221

was confirmed by a bombardment of a U

0,3n)
Th"reagt;onf .The same alpha peaks Were pfesent as shoﬁn byithe_spectfa'inA
 Fig. 6 and’thé-yield curves in Fig. 7. The yield maximum at 87 MeV .beaﬁj |
energy, _lZ.MeV1 above thefcoulomb bérrier, agrees with a compouﬁd nﬁcleuégv‘
',reaction“raiher than an "aipha;out;'feaction{_ | o
22l

We assign the 8.47 MeV alpha group to Th as it is the most

221Th ground state transition. See Fig. 17. WQ also

221,

| reasonable for the

assign the 8:&7 MeV and 7.73 MeV groups to Th. Our best values for the

 22lTh alpha-group energies and intensities are: 8.145 * 0.010 MeV 56 * 3%,

8.470 * 0.008 MeV 39 * 2%, and 7.725 * 0.010 MeV 6 * 1%. These iﬁtensity

values were determined by an off-line sort of data obtained by an experimént

’ . 2 ‘
of the type.diagramed in Fig. 2 and described in Section II. The leh alpha

~ groups in the start spectrum associated with 8.995 MeV alpha particles from

217 .
l'Ra in the stop spectrum are shown in Fig. 1k. A different sort of the. same

data gave the 2R, half-life value of 1.6 * 0.2 psec- as shown in Fig. 15.

“Torgerson and'Ma'cfarlane16 made a prior measurement of the 217gq half-1life by

a similar technique.

'The value for the 221Th half-life came from a measurement of the decay

of the 8.47 MeV group of “°“Th and of the 8.99 MeV group of 21854

F  reactions provide similar evidence for

&
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and the 8.15 MeV group of BluRn (in eqﬁilibriﬁm) in séméles prepéred.by £he
208Pb(l60,3n)22:,LTh reaction. The resUlté are shown in Fig.‘l6. vThe eXperi—
mental value of 2.1 msec is an upper limit influenced by the finite time of

‘transport of the recoil activity from the reaction cell. When a correction

is made for this effect, the shorter value of 1.8 + 0.3 msec is obtained.

217

In accordance with the measured short half-iife of Ra we did not

208 12

observe the 8.99 MeV peak in the spectra taken in the Po + C reaction

219 208

in which Ra should be made in large cross section by the Pb(lzc,3n)217Ra

reacﬁion.  (See Fig. 13).

While this work was in progress we learned of the indepehdent work of

16,18 221

TOrgerson and Macfarlane who obtained similar results for Th and:

217

Ra. as shown by the entries in Table IV.

E. Comments on the Uranium-224 Decay Chain

. It is certain that 22LLU is an alpha emitter decaying through the

sequence !

Ra ——> Rn ——> Po —9L> Pb'
25 min 2.9y ‘ stable

22& o ZZOTh a 216 o . 2lz2 o . 208 204

‘The uranium isétope is expected to have a half-life of a fraction of a milli-
second and the thorium and radiuh daughters should be even shorter lived. 

‘Because of these short half-lives and because of large losses from fission

" competition we would expect at best to see traces of the 'ZZAU. family produced

_208 224U

by Pb(zoNe,hn) and 209Bi(19F,4n)22uU, reaction.

In Figs. 8 and 10 there are trace peaks at 8.83 and 9.38 MeV 'which

220 216 22k

k may be radiations of Th and 7 Ra, respectively, kept alive by . =7 U which
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is decaying with a half—life'of a few tenths of a milliéecond; The expected

22k

8.3.MeV alpha particles:of U are invisible because of the presence of

* . other peaks of similar energy.

These'are.very.tentative assigmments requiriné further experimental
proof but the following arguments can be made to support them: (1) the ex-
‘citation function maxima in Figs. 9 and 11 are at the propef energy, (2) the

alpha particle enérgies fit correctly on the curves for radium and thorium in
Fig, 17. We particularly emphasize'fhaf a 9.38 MeV energy is.unuéually_high

" so that the possible assigmments are extremely limited, as can be‘seen-ih the

" alpha systematics figure. In fact the only other possibility'is
21 . o ' |
5Fr Wthh;O has its main alpha groups at 9.36 MeV.

'HOWévef, ?l5Fr could appear in our spectrayonly‘as the granddaughter of |
j;,223Pé. prépafed by é "préton—out" réaction and should have a'yield méximam'at
a'beam.energy .25 to 30 MeV higher than'observed for the 9.38 MeV group.

. Furfhermore, wevobserved fhat 9.38 MéV élbha pulses occurred'only duriné'

the béam burst and the first millisecond afte£Ward; iﬁdicating a controllihg
halfjlife_of'less'than 1 msec -which is chh less'thanjthe 6 msec half-life
223

of Pa.

" F. OQther Peaks in Spectra

In. some of the figures there occur labeled peaks indicating the pres-

ence .of odd-Z nuclides even though the compound nucleus is even-Z. These peaks

are;promiﬁeﬁt]only in the ‘209Bi + lgF case where there are strong francium

i and astaﬁine:isotope peaks which probably are the result of partial transfer

l9F'projectile. We do not

2lSAt peaks which

reacﬁiohs, rgflecting_thé substructures in the

discuss this_interpretation in the present paper. The '217Fr and
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appear in several of the spectra are probably the result of "proton-out" »

reactions producing ZZlAc which decays through the chain:

ZZlAc_ Qs 2.17Fr a 213AJC a . 209
52 msec 22 usec © 0.1l usec

Bi

This chain:is discussed;in another paper.lo
In'édditidn there are few minor peaks for which we haVe made no definite
identificqtion. The principal ones of these are the 8.86, 7.56, and 7.74 MeV

(208Pb + 22Ne).

trace peaks appearing in Fig. 3
V. DISCUSSION OF ALPHA-DECAY REGULARITIES
It is wéli established.that alpha-particle energies for ground sféﬁe
i'transitions in fhe decay of even-Z isotopes var& ih a regﬁlar fashion when ‘
yﬁalueé for isotopes of individual elemeﬁts'are plotted against ﬁeUtyéﬁ number.
- These régularities have not been well mapped oﬁt for neutron numbers just.ébove
'ﬁhe 126 ﬁeutron shell but the recently-obtained daia on the'isotopes of fhorium,
_radium,vand radon make it possible to draw in the‘regularities with considerablyAv
ﬁoré cohfidéhcé. We have done this in Fig. 17 and have extrapolated thevtrends
in experimentai data to give our best estimate fof those isotopes still nof
'measuféd. »:.' |
iﬁvié cfiéomé.interest to compare these decay Values with the”predic-
. tiohs of various mass formulae or semiempirical methods of estimation of nﬁéléar
‘masses and decay energy. In'Table V we coméére our estimated Q valueé, éoﬁé'
s verted ffom the sduafes in Fig. 17 with thosé predicted by Myers and Swiate"cl;i,l9

' Garvey et al.,zo and Viola and Seaborg.Zl. In Table VI we show the comparison

of our experimental alpha Q values with these same authors.
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It is &lso of interest to coémpare our half-life values for even-even

nuclei with predictions based on the semiempirical relationship

-1/2

by s AR FE, : 5 | (1)
} . ‘ - ' _ N
where tl/z is th§ partial half-life in secqnds, Qeff -is the,glpha energy
in MeV _corrécted for recoil energy and for screening'of the atomic elactions,

22,23 tpet this

and AZ ~and .BZ are empirical constants‘ it'has begn;shéwn
simple expression is capablevdf correlating the haif—liveé of even nuclei over
a fange'of 16 ofders of_magnitude of more. Our new half-}ives fall in the
microsécond rahge and représent a tesﬁ of the éttrépolaﬁioﬁ of this correlation
i»_intova regiph‘of very short deca&'peripds;

‘We make this compafison for threé isotopés and list predicted ﬁalf;lives
for.fhfee additional isotopes.in Teble VII. 'Tﬁe predicted‘valﬁes are based on
thg nost recehﬁ set of empirical constants takeﬁ from the work of Viecla and
Seaborg.Zl
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Table I. General summary of ﬁarget—projectile combinations

Target, projectile and
compound nucleus

ILevel of usefulness for identification of thorium
decay chains

High Moderate Low_:

208y, , 22y . 230, 22y, 223, - ezEg ZélTh

208, , 20, __ . 728, 22y, 221y, 2230, 220,

209Bi 19F_ —_ 228U - 222Th’ 221,
208, 16, _2eky ey 222y, 29,
-_208be' 18, . 2264, 223fh’ 2220, | |

209§i 22Ne ———$ 231Np 223Th v
206y, , 20n, . 226 221,

2085, , 19, __;> 2275, 283y, 2%y
E0q) 4 Z8pe — Z2Tpy 223y, 2Py
209 4 16g s 225p, 22lpy,
208, M 22z, 219Ré

2095; . 124 _;_> 221, . 219,




‘Table II. Alpha'groups‘df the

228

U decay chain

- . Meinke et al. . Orth ~Raiz This work
- HNuclide Alpha energy Alpha energy ~-Alpha energy - % . Alpha energy %
DR (Mev) = (MeV) (MeV) - (Mev)  °
223 SO | s ’ + og
U 6.72 - 6.67 £ 0.02 6.68 + 0.01 70 %4
S 6.59 * 0.0l 29t k4
6.442 © 0.7 % 0.3°
6.40% 0.5 £ 0.2°
Th 7.20 7.13 £ 0.02 7.17 £ 0.01L 80 % 2 _ 7.17 * 0.01 81
6.99%0.01 19 % 2 7.00 * 0.01 19 *
6.77 1.5 % 0.6 ' '
6.70 - 0.5% 0.3°
Ra 7.49 7.43 £ 0.03 7.45 99 7.455 % 0.01
. ' o 6.902 1% 0.4
216 Lo - An A+ 001 - y +
“""Rn 8.07 8.01 * 0.03 8.0k = 0.01 8.05 * 0.01
aExiétence'df gréup'deduced from y-ray data
bAbundance deduced from y-ray data V
i R
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Table III;iVAlpha—decay for 227U'decay.chain

:Nuclide Meinke et al.a 1 Tove© S Hahn ét a1.? - j .> o This work
- 0 T — - 3%- T ‘
(Mev) | (min) (sec) (MeV) - % - (mim)- ‘(MeV) | % o
220y |6.8+0.1]1.3%0.3| 6.87 % 0.02 1.1 : 0.1
2231, b.ss % 0.1 o9t on|7.33¢0.02] | 1 7.285 0.010 | 60 + 10 | 0.66 * 0.01 sec
| | 7.315 % 0.010 | 40 * 10 | 0.66 % 0.01 sec
219 18.0 % 0.1 | |7.99t0.02130%10] |7.980 £ 0.010|35% 2 | 10 % 3 msec
7.70 £.0.02 {70 £ 10 7.675 % 6.010 65+ 5 10 £ 3 msec
258, 8.6+ 0.1 | 8.67 = 0.02 , | 8.675 + 0,008 | 100 2.30%0.1 usec O
llp, 7.434 o | ‘ | 7.46 = 0.02 7.548 £ 0.010 | |

a
see reference L
- "see reference 9

¢ R .
see reference 15
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Table IV. Summary of data on Th, and 22l decay f‘ambili’es”
v | ‘.This work _ Torgerson and Ma.cfz—:trlanea
: 'Nuclide Q energy ' - Abundance Half-li’fe O energy .,Abund?a:nce - Half-1life
- (MeV) (%) - (MeV) (2)
v ' -. thorium—ZZ_Z ‘famiiy
: 22zif'h 7.980 + 0.010 100 ‘ 2.8 ‘O.3-Imsec _ 7-.984 * ,008 100 L+ mséc
218g, 8.385 % 0.010" 100 W* 2 psec  8.392 % ;oo8 100
ZlaRn 9.035 t 0.010 100" 0.27 * 0.02 psec 9.040 + 0.020  100.
| thorium-221 family ' |
221Th 8.&70.i 0.010 30 i"5- 1.8 £ 0.3 msec ‘ 8.&7? x 005 1.68 £ 0.08 msec
8.145 % Q,¢16 62t 5 8.146 * 005
- 7.73 % 0.01 8t 3 7733 £ 008
C2lTpa 8.995 + 0.010 1.6 £ 0.2 psec 8.990 * 008 b1 psec
21-3Rn 8.085 * 0.0lOr 99 . 25.0 t O..2-msevc
' 7.55 % 1 - '

0.015

dreference 16, 18

_()E' -
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Table V. Comparison of estimated Q values o

g

UCRL-18992

, E , Myérsb Viola®
_ This work Garvey Swiatecki Seaborg
oo Kip e Sl ems e o
216y 8.38 £ 0.05 8.5k 9.40 7.71
Lty 8.21 + 0.05 8.36 8.81 .51
218U 8.63 * 0.05 8.79 8.7k 7.32
B9y 9.70-1'0.05' 9.89 10.17 8.82
220y 110.00 * 0.08 10.18 10.98 10.32
zely | 9;65 + 0.08 _l © 9.83 10;38 10.08
%5 9.15% 0.08 9.33 9.62 - 9.85
' ?236 8.80 * 0.05 . 8.98 8.98 .9.38 '9;07 '
Z?AU | 8.32  0.05 8.47 8.59 8.68 8.66
225U' 7.98 + 0.05 8.12 8.10 7.93 8.06
226y 7.5Q + 0.05 7.68 7.62 7.31 7.64
22Ty 7.17 7.30 7.16 6.9 7.08
28m 970+ 0.08 9.88 10.55 9.60 9.9
29y, 9.33 : 0.05 9.50 10.06 9.35 '9.58 |
f 220y, 8.82 * 0.05 8.98 9.26 9.12 8.98 
223y,  3?.65vi 0.05 7.79 7.66 7.87

®Reference 20

-‘_bReférénce 19

?Reference 21




Table VI. Alpha Q-values.

Experimental o Predictions _
this work. ' - Garveyr = Myers . Viola® -
(MeV) S (MeVv) Swiatecki (MeV)

'f‘ 218

190

By, . 8.6z | 8.66  8.87 .  B.71

5 o
ZZ?Th |

| RN 8.131. [T ¥ 8.19 o851 8.3
.'ZléRé " . :T‘_- i 8.86 R f  R 8.9k 7.3 o

  216Ra l;j79 ;»;f;  ',;4'9.56 I | | ,9,79",”v8.85
21735;,; :* { ':' o 9.17 . 9.6 8.59
“Ra 1f”f;". o '8.5u - - 8.47 | ‘8.55
e  : b  ': .13 S ve7,98.' 8.10

'?zoﬁe . ";fL{‘x, -:‘ 7.60 ; 747 - 7.86

 ®reference 20
T A
~reference .29

e N L o
' reference 21 -
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. Table VII.-.HalfFlives'of even-even isotopes

Isotope . Half-life ,
: : Experimental : - Predicted by
this work ‘ equation (1)
VZZ?Th ' 2.8 msec o 1.8 msec
BZOTh - N | 5.6 Qseca
218Th o e . ‘ 38 n_seca
- 2}6Ra "‘_ | [ _ 87 nsec®
Zl&én:v' N : ‘ . 250 nsec o - 9% nsec

®based on estimated O-decay energy taken from column 3 of Table V.

bbased on estimated q-particle energy of 9.38 MeV (Fig. 17).
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'FIGURE. CAPTIONS

'Section of the chart of'the nuclides  indicating the group of nuclides;_

just above the 126-neutron shell wdth which this paper is concerned.

‘Families .of alpha emitters on which new-information is'presented.

are outlined in black borders. The stable nuclides are outlinedAin

broken lines. "These were used as targets.

Schematlc dlagram of electronics used to Study tlme correlatlon of -

’:alpha particles from a s1ngle detector. ‘TAC stands for time- to-amplltude

converter. The time sequence of pulseformsat p01nts A, B, c, etc in

AL

B.

-the diagram is dlsplayed in the lower part of the' flgure

‘Two linear (energy) 51gnals
The analogous time signals,
Gate signal generated if the start pulSe iS'accepted by the TAC;

i.e. if the TAC is not busy.

Gate signal; generated if_the'stop pulse is accepted byfthe_TAC;
i.e. if it has been proceeded’by a (accepted) start pulse Within
the time range of the TAC.

:The linear signal corresponding to the "start,dﬁ after passing

flrst gate

The same (start o) stretched fdér a tlme equal to the TAC time range.

”.Sectlon of thls stretched‘s1gnal gated through,to'the analyzer:by'
;the valid stop 81gnal D. i

: Linear s1gnal correspondlng to ‘the "stop o gated through to the

analyzer by the valid stop signal (D).

The TAC output proportional to the time elapsed between the‘emission |

of the two a~particles (B).
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Spectfa of alphé particles emitted by ﬁroduétS'isolated from 208Pb

22

targets bombarded with 97 MeV Ne_'ions-(upper curve) and with

115 MeV “ZNe ions (lower curve).

Yield of individual members of ZzuTh and 223Th deéay chains as a function
of zzNevbeam energy forvthe feaction System 208Pb + 22Ne.
Spectra of alpha particles emitted by products isolated from LO8Pb

. . 18 :

targets bombarded with 130 MeV ~CO ions (uppér'curve) and with 108 MeV

ions (10Wérvcurve)}

Spectra of'alpha particlesfemitted by products isolated from ?O8Pb

targets bombarded with 87 MeVv l6O ions'(upper curve) and 92 MeV 16O

ions. (lower curve):

Yield of ihdividual préduéts as a‘function of 160 beam energy for the
reactidn'system 208Pb % 16O.
Spectra'pf alpha aprticles emitted by products isolated from 209Bi

targets bombarded with 127 MeVll9F ions (upper curve) and 100 MeV'lgF

ions (lower curve).

Yield of individual members of'ZZZTh and 22lTh decay'families and of

. a few other products as a function of l9F beam energy for the reaction -

- system

Fig;'3i
ﬁig. b4
'Fig- 5
Fig..éé_
Fig. 7'
‘JFig. 8
Flg 9
Fig} 10
' Fig. 1i

209 19

F. For curves indicated by (R) use right scales.

Specﬁra of alpha particles emitted by products isolated from 208P§

Bi +

" targets bombarded with 106 MeV 2O ions (upper curve) and 123 MéVv_
“ONe " 1ons (Lower curve).
e e 222 221 . o .
Yield of individual members of the """Th and ““"Th families and of a
few other products as a function of ZONe beam energy for the reacﬁion

20 K P . '» . ',
system, 8Pb + 2ONe. For curves indicated by (R)vuse right scales.
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Fig. 13

V‘Fig.

- Fig.

"_Fig.

12
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Decéy curves of 222Th family members produced in the 2083b + ZONé

reaction. ' The "growth" part of the curve is caused by the time-of-

: transport.of the products from reaction cell to the cguhtinglqhémber.

215

The 8.68 MeV' peak is Rn. The end of the beam pulse'occurred'at

- 6 msec in this time scale.

Spectra of alpha particles emitted by. products isolatedvfrOm 2Q8Pb

"vbombarded-with 66 MeV lZC jons. . The products were collected Qn a

Fig. 1L

15

have an eneréy of 8.995 MeV

- surface cooled to liquid nitrogen temperature (upper curve) and at

room temperature (lower curve). The broadness of the peak for’ﬁhé

212

25 min “"“Rn is caused by the deposition of a layer of pump oil on

the sample. : o I L
- 221, . " - L
“"Th in start spectrum of TAC experiment (see Fig. 2)

Alpha groups of
' 208

done. on products of Pb +- 6O reaction. This spectrum is the result
of a data’sortvwith the condition imposed that the stop alpha pafticlg
(Zl(Ra).,

Time_relatibnship between 2ZlThv‘alpha particles of 8.470 MeV and

‘ '8.145 MeV and 2lTpq alphas of 8.995 MeV.

16':

" or %Py with 87 Mev

Decgy'curves:for 22l‘I‘h and 21(Ra alpha peaks,studied ih the reaction
08 . 16 N

0. When a correctién is applied for the time-

- bffﬁransport of the products in the helium gas stfeam'the'apparenﬁ

.177

1

half-life of 2MTh shortens to 1.8 * 0.3 msec. The zero of the time
$cale.ié:the end of the beam pulse.
Systématic trends in alpha particle energies for ground state transi-

tions as a function of neutron number. Even and odd elements are
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included’ on left side of figure but only even-Z elements are shown
to the right. of the peak. Experimental data are shown by solid dots,

estimated data by open squares and broken lines.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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