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ABSTRACT
Four albha—decay chains initiated by 225Pa, gghﬁa; 223Pa, and 222Pa
were produged by the bombardment of thallium, lead, and.bismuth targets with
beams of 22Né,v20Ne, 19F, 18O,'l60, lSN; and th at:fhe Berkeiey HILAC. ‘The
reaction prodﬁeté wefé transported from the reaction.céll.by the helium Jet
technique and their decay measﬁred with a semiconduéfdr detector. Enérgy values,
_excitation fﬁnétions, half lives, and genetié relétionships of individual peaks
were determihed,v Two new techniques based on the use of a time-to-amplitude
converter were develéped for the meésurément of micrdseéond half lives of
daughter prodﬁcts and 5 half iives in the microsecond'range.werebmeasured.
These new alpha data help to determine the trends in alpha-decay

energies for‘isotopes of odd-Z elements, particularly.in.the booriy—defined region
just above the 126 neutron shell. This aliowé mbre accurate predictioné}of
élpha—decay prbperties of many unknown nuclei. Someténgmaloﬁs behavior of

the apparent alpha-decay energies for nuclei with 133 and 135 neutrons is

pointed out.
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I. INTRODUCTION

In a rééén£ paperl we'havevpresented'néw inférmﬁtion on thoriuﬁ isotopes
of mass 221 tb 22h and on the radium and'radon'isotopééfinto which théy decay.'
These huclidés fali in that part of the nuclide chérf:jusﬁ ébove'the 82 proton
and 126>neutrdn.shells wﬁere nucléar information hasﬁbeeh sparse because of the
ingtability_d?gfhe nuélei and.the'difficulﬁ&‘of makiﬁgtfhem.. Reactiéns induced'
by complek ﬁﬁcléar projectiles suéh as.th; 160,119F;‘203e and Q?Né in such tar-
gets as thaliiﬁm, lead, and bismufh pfovide one ﬁeaﬁs:of'reaéhing this regioh_of

the nuclide_chart. The pfevioﬁs,paper was reétricted'to a study of nuclides of

- even atomic number prepared by such reactions. In fhe»present paper we discuss

results .on odd-Z pfoducts,.specifically thé alpha decéy chains initiated bj

225Pa, 22hPa, 223pa and 222Pa{ Figure 1 shows the four series'about which new

information was obtained in this study and shows their location in the Chart of

the Nuclides.

This‘étudy was conducted because of the intrinsic interest in the decay

, properties bf’unknown nuclei, particularly those far from_beta_stability. Such

‘alphavdecay daté are also useful for making estimates of grouna state ﬁasses, fof

teéting the predictions of atomic mass equations aﬁa §r§3criptions, and for other

matteré related to the systematic tfends in ground sﬁate properties.
‘Anvadditional reason for this stﬁd& isvthelheéd for background information

for.a proper in£erpretation pf alpha daﬁa_obtained in huciear reactions involfing

traﬁsuréniumvélément téréets.‘ There

is an inteﬁée:iﬁferest in reactions ﬁhiéh-prbVidé inférmation on nuclides of

charge greater,than 100. But the desired'productsbof such reactions typically 

have cross gections far below the microbarn level with the result that there can
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be serious interference in the observed alphé,spectra'from alpha emitting iso-
topes of much lower nuclear charge produced in‘reactions induced in target
impurities or by unusual partial transfer or nuclear break-up reactions. It is
important that complete information be available on these possible contaminénts
particularlyithose with alpha particle energies greater'than v 9 MeV.

In this work targets'of 2OSTl, 206Pb, ?O8Pb and'epri were bombarded with

heavy ion begms.from the Berkeley Heavy Ton Linear Accelerator (HILAC). Thin
targets were'used and the recoiling broducts of the nﬁclear reactions were
slowed down in avhelium étmosphere and then tranSportéa'by é helium gas stream
through a capilléry of several centimeters length fQ éﬁ evacuagted cdunting cham-
ber where they were deﬁbsited on a metal surface positioned in froﬁt of a gold
surface-barrier detector which was used to measure the alpha radiations emitted
by the collected sample. Recent developments in our. experimental technique which
permit us to éollect and studyanuclideé with haif lives as short as 1 msec are

1,2,3 Similar deVelopménts have been

discussed in Qur previous publications.
reported by R“:D' MacFarlane and his associates.y

We stﬁdied the products from 1k éombinations of target and projectile
(see Table I) and for each combination performed measurements at sé&eral»beam
energies. Fbrveach case the energies and relative abundances of the alpha par-
ticles wefe measured‘and changes in these were notedvas a function of bombardment
energy. We used several techniques to aetermipe fhe-half lives of specific alpha
particlg grouﬁs and to establish the genetic relationship of one>activity to

another. A éombination of arguments was used to determine the assigmment of all

observed alpha groups to specific nuclides.

o)
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One iﬁpoftant éid‘in thé‘prelimiﬁary assignméﬁt of the alﬁha groups.was
Fig. 2 which i$.; plot'of the sysfématic trends in thé_alpﬁa particle energy for
ground statevdécay whenvisot0pes:of a specific eleménf'éfe plotted against neutron.
number. This plot, including its sharp.discéntinuit&‘atsthe 126 neutron shell,
is well-known'Bﬁt_up.until this work there were nbt‘éhéugh data for the isotopes -
of Pa, Ac, aﬁdfFr in the 127—135 néuﬁron rééion to extrapolafe.fhe curves with
much confidence;_ In.Fig. 2 points taken from the_litefafure aie shown as black
dots while e#périmental.pointsvbésed on.fhevassignments.bf-thé_present study aré
given as triéﬁgléé. In the decay of odd-Z nuclidés,;péft;culafly those of odd-
odd tyﬁe tﬁe favbred'decay is not ﬁéuﬁlly to the grdund state so:there cahibe
ﬁﬁcertaihty;invthe value fo be faken for the ground—stété transitibn. 'Suéh éasgs
are iﬁdicaﬁed‘by_upward—directed arrows. A similar curve for éven-Z nuclides
is gijen in Qur brevious'paper.

In'8e§{ II,wé discuss those details of our eXperimental methods which
differ from‘thésé déscribed in our paét‘publicationsﬂzvln particularvwe describe
some new techniques in Sec. II E which permittedvus,tofmeasure half lives of

microsecond daughter activities. Section ITI présents the experimental data

and the detailed arguments upon which the conclusions are based. A concise

summary of all new information from this study is given in Table II. Some

discussion of the results is given in Sec. Iv.
II. EXPERIMENTAL
Many of the details of our eXperimental téchniques are covered in our

previous publications particularly in Ref% 2'and are not repeated here. Sections

A and E describe important new developments in our equipment andlmethods.
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A. The Reaction Cell - "f' ‘ E

Helium~-filled reaction cells of small dimensions.and high speed of |
recoil ion transport have been described in our'previonsfpapers.233 The identi- ’ |
cal equipment &as used in most of the work described_hére-bnt in the later stages
we devised and introdueed a modified reaction cell ‘which incorporates a few
improvements.h Figure 3 is a schematic diagram of the revised chamber. One
important practical feature is that the target backing is no longer part of the
entrance winGOW“so thst it does not heve to make & vacnunAseal. The whole cell
can be dlsassembled quCkly and easily for target changes.w1thout the necessity
to install carefully a new entrance Window. Parts A and B in the cell
can easily be. replaced by similar but shorter pieces 1n case it is necessary to
increase the He gas stopping path from the 1 cm length,shown in the sketch.

- The reactlon cell is mounted in a fixed p051t10n inside a vacuum chamber
connected to an external beam pipe of the HILAC. ' Chilled hellum gas at a pressure
of 2 2 atmospheres flows into the reaction cell interior via “the input tibe shown and :
escapes irom the cell through a 0.4 mm ifner diameter metal capillary. This capil~
lary passeS'through.a 1 mm hole in a gold surface barrier detector and terminates
in a second vacuum chamber constantly evacuated to v 200 um Hg pressure by a hlgh
speed pump.v The helium 1s pumped away but the rec01l nuclel carried by the helium
collect on a stationary metal collector positioned in front of the deteetor.

This arrangement was suitable for.study of‘aetivities with,millisecond half lives.
When the half life was longer than 1 second it was desirable to use a modified

collection and counting technique (not illustrated in Fig. 3). The gas jet from Y

the capillary tip impinged on the rim of a collector'plate which could be held

in one of two positions by a.vs‘olenoid;3 activity collected on the wheel rim for

a pre-selected period of time was moved to & position in front of the detector,
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The movement of the wheel lasted 0.1 sec during Which”period data recording was
blanked out.'ﬁAfterwérds data could be recorded from the decaying sample and

separately stored during 1 to 16 equally spaced decay-periods. At the end of

this time the wheel was mo#ed back to its original collector position where it

could collectﬂaofresh sample; at the same time a second sample in a second spot
(collected during the measurement time of the first sample) was ready for
analysis.
B. 'Targets
The targets were in most cases made by Vacuum_evéporation of thebmetalsb

Onto'a'backihg of 1.7 mg/cm2 Ni. A few of the lead targets were electropleted.e

Separated lead: and thallium isotopes were obtained from Oak Rldge Natlonal

208
Laboratory and had the following isotopic comp031tlons:>_ Pb 99. 37

206.. 208 207 206 205

2O7Pb 0.5%,

Pb 1.&% Pb 1. 3%, and Pb 97 27 T1 99.0% and

: 2
203Tl 1. 0%.- The most usual thickness of the target materlal was 2- 3 ‘mg/cm

which is approx1mately equal to the range of the rec01l atoms in the target.

C. Beam Energy Adjustmenﬁ’

The‘maximum available projectile energy wasle;B MeV per nucleon for

‘standard operation Conditions at the HILAC. Lowerxbeam energies were obtained

by inserting stacks of 1.72 mg/cm?'aIUminum'foile ip'front of -the entry window

of the reaction cell (see Fig. 3). The resulting beam energy, degraded by

absorber f01ls, entrance w1ndow target backlng and the target materlal 1tself

5,6

was calculated by the use of Northcllffe s range- energy relatlonshlps
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'D. Alpha Standards

The primdry calibration standards for our alpha'spectra were taken from

21 2

the actinium and thorium series,T‘in particular l9Rn 6.818 Mev,

2 21

1Bi 6.622,

215Po 7.384 Mev, 12Bi 6.051 MeV, and 2Po 8.785 MeV. The calibration spectra

were measured simultaneously with the reaction spectra in order to eliminate any
possibility of Slightygain shifts from beam-on and beaméoff effects. Some known

peaks in the réaction spectra were used as secondarylalpha standards, particularly

the following: 21& 15 Elst 6.773 MeV, gthr 8.426 MeV,

and 2thrv8.5h9 MeV.

Ra 7.136 MeV,‘2

Ra 8.698:MeV,

E. Time to Amplitude Converter Technigques for
-Measurement of Microsecond Daughter ActiVities

In éach of thé protacﬁinium decay éhéins fhére‘oécurs a daughter product
witﬁ a. half.life in the hiérosecond.range. vWevwerégable to meésure thése short
half liVes,"té}eétablish the relatiénship of the miéfésééond déughter to a
specific péreﬁt, and té_meésure sqme:defails of the'alpha groub intensities for
parent and daughfer By development and use of the folloﬁing.two techniques. The
first was discﬁssed in.our previous paper but we di;cuss heré it as well as the second

becauéevboth methods were of crucial impdrtance*for’the results obtained in
this study.

Bofh'methods depend upon the fact that.thé alfhg pulses coming from a
detector whiéhlintercepts an appreCiablé perééntégeuof thé alpha particles emitted
from a samﬁie of genetically—relatédAéétiviﬁies‘ére not randomly distribﬁted_in
time but include an appreciable number of‘pulse pairs separated by times, charac-
teristic of the halflives involved in the chain;_ The time distribution of such
pulse pairé,Lwhich-is'a measure of the half life involved, can be obtained by
the use of‘a‘time—tb;amplitudé converter (TAC) opefated in tﬁe microsecond time

range.
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The observed delayed—coincidence-counting rate is propbrtional to ﬁhe
sQuare of the effective solid angle of the detector; Te increase that, the
alpha activityﬁwes eollected directly on the gold surface of a standard surface-

barrier semiconductor detector.

TAC-Method.I. Our first TAC‘method, aiagraﬁmedein.Fig. 4, was designed»
for use ih pﬁoSe eases whefe the parent and daughﬁer:buises, with puise shaping
settings avaiiabie in oﬁr:amplifier; were distinct pulses whose amplitudes could
be_measured>eepefetelj.v The TAC itself functioned iﬁ°£he normal‘way but one“ ‘
uneohfentionei‘feature was that befh start and sﬁop signals came.frem the same‘
detector. Toiprevent an individual'pﬁlse from serviﬁg simultaneously‘as'starﬁl
end”stop,'a?éeiey'ﬁee inserted on the start side. .ﬁb‘puise height seleétofiwee ”
set on the_steft-pulseéb Any pulse received by -the seeff.input when thevTAC was
-not busy coﬁl&\fﬁre’the TAC for‘ife pfesetbcyclebfimebbf 1 fo 30 usec and aﬁy
" second pulseefeaehing the stop inpufvdﬁrihg this.rﬁﬁ;ddwe time eould cause the
‘development effe.linear pulse on.the time oﬁtpﬁt of,theiTAC; This time puise was
‘.fpassed to a_cemeeter interface unit. eThe liﬁear sigﬁals associeted with the
'sfarteahd stopfbuises were also paseed to" the computef;“ﬁut in order to ihsure
time overlap.ofiall.three pulées it was_neceesary td'ihclude the.pulse stretchiné o
and gating circuitry shown in Fig. k. To_permifvexamieetion‘of halflives as shert
as 1 usecvtime.censtants of 0.2 USec_Qereeuéed_in‘fhe:pﬁlse,shapiﬁg netﬁork'ef
‘the'main amplifier. |

A coﬁputer program, MULTID, was Qeed to eontrei:the_acceptance and pro-
cessing of theipulées by a PDP-T7 computer.“:Whene§er‘eignais appeared simul-
ﬁaneeusly eﬁ‘the three inputs the pulSe amplitﬁdesvwere coded and stored as an
event'record"on magnetic tape. The distributiene o#er the three parameteré were

shown on-line during data recording;- After the experiment, the events on the
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magnetic tape record were analyzed with the program MULTIS by setting selection
criteria (windows) on any two of the three parameters and examining the corres-
ponding distribution of the third. ‘For example, windows could be set on specific
alpha peaks iﬁ the start (parent) and stop (daughter)_spectra and the corresponding
time spectrum examined to detgrmine the half-life of a specific nuclide. In a
second sort windows éouid be set to permit examination~bf.the entire start spec-
trum correspondihg fé specific regions of the stop andvtime spectrum.

TAC Méthbd II. The above method is successful when the daughter half-

life is ldng comﬁared to the width of the individualjparent or daughter pulsés.
Attempts to'fedﬁce pulse widths below 0.2 usec resultéd,in serious deteriorafion
of the quality oflthe signal. In the case of a subﬁicfosecond half;life an
overlap or:piié—up of the parent—aaughter‘pulées occurs énd thefe‘ié'a loss of
distincf.pﬁlées éontaining the energy information.‘ In this case it is possible
to emphasizé the pile-up deliberately by use of quite 1ong time copstants for
pulse shabiﬁg (5 usec for example) and to make an éccuraﬁe meaéﬁremenf of the
amplitude distribution of the sum ?ulses._ A scheme for performing'the experi-
ment in this manner is shown in Fig. 5. The electronic écheme was_simpler in
this case begauée no fulse stretcher was needed; thé gcceptance time for the
multidimenéional computer intgrface was 3 usec’and thé TAC range was set to
3 usec or less. |

After the experiment the information stored or magnetic tape ﬁas.analyzed
as described above under method I, except here there was'only one energ§ spectrum

and consequently no information on which a-pulse came first. Sorting of the

data according to specific peaks in the sum spectrum was still of great use because

it revealed time parameter information characteristic of specific mother-daughter

combinations.
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We owe thanks to Drs. R. D. MacFarlane ‘and D.‘F.‘Torgerson8’9 for the

~initial suggéétion of the application of a time-to-amplitude converter to prob-

lems of this type.

ITI. RESULTS

A, Protactinium-225 Series,‘:‘

The_fifét investigation of 225pga was made in 1951 by Keyslo who bom-

barded thoriﬁm'with high energy deuterons and measured the alpha particle energie
225Pa‘deéay series by a nuclear emulsion tephnique. He’repofted the decay

. sequence to be:

P25, _a, 22 _a. 21T, o, 213, .
B 7.6 MeV 8.3 MevV 9.2 MeV
", 2 sec << 1. sec . << 1lsec . << 1 sec = -stabl

Tovell later'fevised the 2'25Pa half life to 0.8 + 0.1 sec. More definite infor-

mation'on:the,entiré series was provided in the 1969‘work of Hahn, Roche, and

Tothlg.who bombérdéd 233U with protons and produced 229Np:by'the (p,5n) reaction.

These authors formulated the decay sequence as Keys -did with the addition of a

4.0 min 229Np.pr_ecurser. Their alpha-particle energy data,determined by Si(Au)
semiconductor- detectors are summarized in Table II together with the results
obtained in the present study.‘

We were,able to use several combinations of'térgets and heavy-ion pro-

jectiles to make individual members of the decay‘chain.':HoﬁeVer, in the case of

229 209Bi(22Ne, 2n)229Np

Np the only poésibility among those open fq us was the

o, 209,

]

e

reaction and the cross section, even at the Coulomb barrier, proved to be too low
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255

because of severe fission competition. We were able to 'make samples of Pa

with the 2O9Bi(22Ne, a2n)225Pa'reactioﬁ as shown by thé_spectra‘in.Fig. 6, but
with no improvement in intensity over the spectra pﬁbiiShed by Hahn 23.21312
The 221Ac member was. easily produced in the 208Pb(19F, a2n)221Ac, the
205Tl(22Ne, d2ﬁ)221Ac, and the 208Pb(l60, p2n)221Ac ;éacﬁibns. Spectfa from

the first two of these reactions are presehted in Figs. 8 and 10; those from
the 208Pb + "0 combination are given in Fig. 6 of our report on the thorium
isbtope,decay:chains.2 Some other spectra shown in -that report also show traces

225

.of the Pa series produced by "proton-out" reactions in the interéctions of
209_. " s L ‘ - - '
9B1 + l9F, 208Pb + 22Ne, and 208Pb + 2ONe, but these reactions provide only

minor supﬁorting_evidence'for the detailed conclusions'discussed below.

1. Protactinium-225

225

Hahn éﬁ_gl}lg report a'single.group for

Pa at 7.25 MeV. We observe
209 '

this group at 7.245 * 0.010 MeV in the

’

-may exist a second group at 7.195 ¥ 0.010 MeV with_adet 1/5 the intensity

Bi +H22Ne specfrum in Fig. 6. There

of the T.245 MeV peak.  The excitation functions determined for these peaks

217 213

are shown in Fig. 7. They differ only slightly from those of Fr and At,

as should be the case if the assignments are correct. We remeasured the half

225Pa by obserﬁing the decay of the,8:3l MeV group df 21'-(Fr and the

213 209Bi(22ﬁ

life of _
© 9.08 MeV group of At in samples prepared byithe

225

e, d2n)225Pa reaction.
The Pa was collected for 16 seconds and‘ité decay followed throughout 16 one-
second time periods. A half life value of 1.8 * 0.3 seconds was obtained. The

alpha particle group at 7.245 MeV may be the grduhd state transition as it fits

smoothly in the protactinium curve in Fig. 2.
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2. Actinium-221

_ . ST 221
Hahn g&_g;.le assign groups of T.63 and T7.42 MeV energy to e, we:

assign groups;atj7.6h5, T.440, 7.375,>and T.170 MeV to‘gg}Ac with the intensity
and error valuesvlisted in Table II. These assignmenﬁs'aré based on eXcitation
functiohs ahd'bﬁ=the obéervation of a common half lifezof'roughly 50 msec for

each of thése*peaks, Detailed consideration of data from many experimentsvand

evaluation of contributions from.alpha.groups of'similar energy from other nuclides

was neceséary togexifact the -intensity values.

The T.645 MeV' group is mixed with the 7.68 MeV-group of the partial transfer

reaction prddﬁctfglgAt and this leads to a broadening:of the apparént excitation.

functions (Figs. 9 and 11) and to complexity in the half. life curves for:this
group; Nonethéless, the half life measurements atflOS‘MeV beam energy.in the -

208 205

_ : - : v N ' Sy .22 .
Po + lgF reaction and at 100-110 MeV beam energy in the T1 + ~Ne reaction

_clearly show the presence of the 50 msec cbmpbnent. The Y,th_MeV group is

vsimilafiy’maSKed by the 7.L448 MeV group of 2llp, produced in the partial transfer

reaction and the composite peak has a broad excitation: function as shown in

Figs. 9 and‘ll as well.as in Fig. T of Ref. 1. Half-1life measurements on this

peak reveal the presences of a 50 msec c0mpbnent'and_pefmit an estimate of the

2 . S s
21Ac group intensity.
In addition to these two groups thefe:is evidence for two more in the

Ac:spectrumfat 7.375 * 0.010 MeV and T7.170 ‘* 0.010 MeV with intensities of

10 + 5% and N 2%, respectively. These grbups appéar in Figs. 8 and 10 and in other

spectra. The excitation-functiqhs shown in.Figs. 9 and 11 resemble those of the

225

other members of the Pa chain. Half-life measurements on these peaks were

of low statistical accuracy but gave values of about 50 mgec. Tt is worthy of'v 
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note that this half life is far too short to permit confusion of the T7.17 MeV

. . . L 22k '
group with a group of like energy in Th.

Strong proof of the identity and relative intensity of the 3 most intense
peaks of 221ACjcame from measurements made by the special TAC technique. These.

measurements are described in Sec. III AS.

The best value bf thé half life of 221Ac came from measurements of the

decay of the 8.315 MeV peak of 217Fr which is in equilibrium with 221Ac in the

products of the 208Pb + l9F and 2'OSTl + 22Ne reactions. The value obtained was
= +

tl/2 52v_>2.msec.

3. Francium-217

This nuclide hés a single alpha group at 8.315ut-0.008 MeV which fits .-
smoothlyvon_the alphé;systematics curve in Fig._2.7 The excitation Eurves in
Figs. 9vand llvéﬁd in Figs. 3, 5, and lhbdf.Ref. 1 ha&efyiéld maxima such that
there is no question of the assigﬁment. In séveral‘reéctions in which we might

21T 208 1L 208

have expected some direct production of Fr such as.in the Pb + 7N, Po

+ 120, and 208Pb + llB combinations we saw none, which is consistent with the

22 * 5 usec half life, discussed in subsection 5 below.

4., Astatine-213

We assign a peak at 9.080 * 0.012 to 213

221

At. This peak appears in all
our spectra in which 225pa or Ac are present. The yield curves in Figs. 9 and
11 as well as in Fig. T of Ref. 1 suppqrﬁ the dssignment'as-does also the value
of 50 msec measured for the apparent half life of fhe'group, the measured half-
L 221 ' . 213 .
life being that of the Ac parent. The true half life of At was obtained

by the TAC techniques as discussed in the folldwing'éection; the value is

0.11 * 0.02 psec.
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5, Additional Measurements by TAC Technigue

The short half lives of 21Tpy ana 2%3at made them suitable candidates

for study by-fhe specialvtechniques employing a time—fo;smplitude converter

(TAC) which sre discussed in Sec._IIE._ We applied’thesepmethods to the products
of the 208?b'+119F reaction at.a.bomharding energy'ofbllS MeV.

Thevresults:offs TAC‘éxperiment.- | .

done by Method I are shown iu the several spectra of(Fig. 12. In this'eXpérimeut
the pulse shap1ng consfants for ‘the main ampllfler were set at O 21Jsec and a
delay of 21Jsec was used on the start input to the TAC The unsorted stert
spectrum shows the energy distribution of those pulses which are followed by a.
second alpha pulse within the 251Jsec 1nspect1on tlme of the TAC whlle the
unsorted stop spectrum shows the correspond1ng energy dlstrlbutlon of the alpha
pulsesrfunctioning.as stop s1gnals. The accompanying tlme spectrum 1s not shown.
The most pfomineht_pesksbin the start'spectrum are thoseiof 221Ac and in the~

217 213 - 217

stopvspectrumgare those of Fr and At. No Fr appears in-the start spec-

trum because the 0.11 usec half life of 213At'is short compared to the 2 usec

delay time:on the start signal input. On the other hand a 213At pulse could serve-

as a stop signal for a TAC cycle started by its grandpaxent 221Ac if the inter-
217 ' '

.mediate Fr alpha particle did not enter the detector;v
There -are other peaks in the unsorted stop ah@'start>spectra because of
the.presence of other microsecond scfivities inuthebsample. These contaminants
weré remoued'from the spectra by suitable offfline_sorﬁs‘with the MULTIS program
after setting'windows on peaks in the start_and stop spectra. (See labelled win-
dows‘in Fig.:lQ,) A data sort with the window A (corresponding to the.T.GS and

221Ac) set on the start spectrum produced the stop speétrum

213

7.4k MeV peaks of

shown in Fig. 124 with peaks for ?lTFr(S.Bl MeV) and At(9.08 MeV) in equal
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217Fr and 213At peaks in the

intensity. A sort with windows B end C set on the
stop spectrum and no time restriction produced'the stsrtfspectrum ofveglAC peaks
shown in Fig.: 12¢. This séectrum verifies our bre#icusvassignmeﬁﬁ cf 3 peaks at
7.65, T.hk, and 7.38 MeV to'22;Ac.' The_felative intensitiesvof thesevpeaks are
70, 20, andvldg .The intensity was too low to reveal édpeak at 7.17 MeV in two
Percent. The‘half life of 217Fr came from avdata sort‘wifh windcws set on the’
217Fr peak.dntfhe stop S§ectruﬁ and on the 221Ac peaks ds.the staft'spectrum.
The decay curve yielded a value of 22 # Slisec as shbwnvin Fig. 13.

The haif:lifevof 213At was measured by a different eXperimeﬁt_done by
the TAC techhiqde Method II discussed in Sec. IIE. Iﬁ‘this experiment the_delayv
 time on‘thevstart inpﬁt of the TAC was reduced to 80‘ﬁsec and fhe:differential?
and 1ntegrat1ng time constants for the main ampllflef were 1ncreased to 5 usec

to max1m1ze'the effect of pile up of the 211

Fr and 2 3At pulses. The smplifier

- gain was redﬁced a féctor of 2 to permit iﬁspection of the sum pulses of

17 o MeV energy ~ The cycle time of the TAC was set at 3 Usec. .Samples were
collected dlrectly on the surface of the detector In the unsorted alpha sum
spectrum obtained»in this experiment (see Fig. 1&3 the.i7.h MeV peak was prominent'
but. there was also present a complex sum from the piledup_of 216Fr + 22OAc (see
discussion in Sec. B beloﬁ). An off-line scrﬁ wiﬁh window set eround the 17.4 MeV
peak (see window B in Fig. 14) produced s time speccrum.characteristic only of

3 %he 213At decay. This spectrum,which is showt as.Fig.ilB,detefmines a rough
half-life value of 0.08 usec. A more accurate'valde cf‘O.ll + 0.02 usec wasb
obtained from a nearly identical expefiment in'ﬁhich a more suitable TAC cycle
~time of 1 usec was used. See Fig. 16.

These TAC experiments provide very strong evidence for our deductions on
225

the genetic relatlonshlps within the Pa decay series.
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B.. The Protactinium-22L Seriéé |

No publlshed 1nformat10n is available on the propertles of 22_hPa but

our data establlsh that the 2'2)‘th3. series has the follow1ng form:
22hPav-:q > . 220, o - 21_6Fr o 212,, _a 208Bi
.0.95 sec . 26.1 msec - 0.70 usec 305 msec - 3.7X105y
e L 2 o o L ' '

Our detailed c¢onclusion on 2hPa, 22OAc,‘and 216Fr are summarized in Table II.
T i 205 22
The most useful target-projectile combination was Tl +. "Ne.  Spectra

el T e 208 . 19
and yield curves are shown in Flgs. 10 and 11.  The combination Pb + T°F

o o N 5 : ‘
also produces: the 2 uPa series but 31de reactions leadlng to the. dlrect productlon:b

of several 1nterfer1ng act1v1t1es——notably 211P 2llmP At, and 212mAt——

are promlnent when this target—progectlle comblnatlon - ' ' v' is-
used. See‘F;gs; 8 and 9. It was not difficult to establish the main features

~of the decayvcﬁain'bui it was hard to identify and determine the correct intensiﬁies

for thé alpha’groups in the complex spectra for etha énd»220Ac. One complicating

225

factor was -that the Pa chain was present to some'éxtent in most of the samples

and the complex aipha groups.of 221Ac appeared in the energy region of interest.

 However, the‘bbmbardment of 208Pb with'l5N at an-energy“just above the Coulomb

T ' o g 22 s .
barrier resulted in a remarkably clean spectrum;ofv?vOAc. Additional supporting

evidence came from some’ of the other reactions listed in Table I. The individual
members .of the series are discussed in the following;sections{

1. Commeﬁt on 228Np,

The nuclide 22-hPa could have a parent.228Np prbduced by the (22Ne, 3n)
209 v :

reactioh in the case of Bi bombarded by 22Ne, but we found no evidence for.
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2281\Ip alpha groups in the 7.3 - 7.5 MeV energy range where they might be expected

according to the‘neptunium curve in Fig. 2. This absencé is the result of removal’

of the neptunium nuclel by nuclear fission.

2. Protactinium-22k

224

The most;definite.evidence fof Pa came from the reactions

205 22

T1(““Ne, 3n)22hPa ahd'2o8Pb(19F, 3n)22hPa where the maximum yield occurs

close to the Coulomb barrier. A peak of 7.4L9 MeV energy can be seen in the curves
for the lowest bombarding energies in Figs. 8 and lOQ This peak has a narrow
excitatidnvfunctibn with a makimum close to the barriéf'as can be_Séén‘iﬁ Figs.
S 22l ’
9 and 11, We assign this peak to

224

Pa. It is unlikely that it is the only
2 Pa because generally odd-odd nuclei have gquite complex

alpha group:emittéd'by

alpha-decay patﬁerns.'.It is possible that small peaks at 7.88 i'0.02:MeV ahd

224

7.96 + 0.02 MeV belong to Pa and that other groﬁps are hidden in our spectra.

2k

We are thus left with uncertainty as to the proper value to use for 2 Pa in
Fig.v2. It seéms unlikely that the 7.49 MeV group can be the ground-state tran-

sition.

The excitation function for 2tha does not resemble those ofvzzoAc and

Fr for the reason that 220.1\.0 is formed only'partially'ffom the decay of 22hPa;

216

it is produced in greater yield from "alpha-out' reactions.
o 22k s

Strong evidence for Pa came from a half ‘life
' : 208 19 e

measurement made on the products of the Pb + °F reaction at 106 MeV beam

energy. In this measurement the samplevwas.cblléctéd during a bombardment period

of 3 seconds} ' Then the beam was interrupted‘énd alpha spectra were recorded

separately for the time periods of 0.25 seconds each. It was observed that the

9.01 MeV group of 216Fr.deca.yed with a half life of 0.95 % 0.15 sec. This could

Pa were present téﬁsupport the series since 22OAc

be true Only if a 0.95 sec 22k

and 216Fr have much shorter half lives.
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3. Actinium-220 and Francium-216

Actinium-~-220 decays by emission of the sevenfalpha groups listed in-
Table III. 'Inrmost of our experimental spectra it waehnot possible to make a

clear resolution,of several of these peaks because of” interference from alpha -

groups of 22}AC;‘223Pa and the isomers of 2luFr and 212At.' However, in the

208 - 22
( 5N 3n) treaction, oAc is prepared in a nearly pure state (Fig. 17).

Only in the T 68 MeV' group is there some interference (from 212At) butva half

life measurementrshowed that»50% of the group was-22OAc;
The half life of 22OAc was measured in an experlment in whlch a sample '

was collected durlng a 10l msec period and then, with the ‘beam off the alpha

: spectrum was recorded for l6 tlme perlods of 20 msec ‘each. The decay of 1nd1—

vidual peaks of 220Ac and of ‘the 9. 005 MeV peak of 216Fr was plotted separately

The most accurate value of the half life (26.1 % 0.5 msec) came from_the decay

of “the 216Fr peak as shown in Flg 18.

Fran01um—216 ‘appears to emit a 51ngle alpha group of 9. 005 0.010 MeV
which value flts smoothly on the franc1um curve in Flg. 2.

L 208 1

The TAC method I was applied to 22OAC samples prepared by the Pb + 5N
reaction as shown in Fig. 19 Which'represents a data sort with the condition
-imposed that.all stop pulses have an amplitude corresponding to the 9.005 MeV
216 . . 212, ] . :
Fr group.'.Such a sort ellmlnates At and,any other possible contaminants

from the spectrum and confirms the presence of major 2_OAc groups - at 7;61 and
7;68 MeV The residual peak of 216Fr is attrlbuted;tomaccidental occurrence
Of‘unrelatedvpulses within the 3 ueec TAC”range. ‘The time parameter information
ass001ated w1th the data sort displayed in Flg 19 is plotted in Fig. 20 to show

the 0.70 % 0 02 usec half life of 216Fr.
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The suﬁ—spectrum displayed previously in Fig. 14 has a broad peak which

can be assigned to 220Ac + alGFr. This broadness can be attributed to the many

216
a-groups of 220Ac which individually sum with the 9.005 MeV group of Fr. A

sort of these data with window A set on the 22oAc + ?;,Fr peak produced the

216Fr half life curve shown in Fig. 15.

C. Protactinium-223 Series

223

219

There'exist no published data on Pa and on its decay products Ac

215

and Fr. In Figs 8, 10 and 21 there are several alpha peaks which we attri-

223

Pa is formed in smell yield by the

223Pa, and 209Bi(20Né,'a2n)223Pa

bute to these‘nuclides. We conclude that

208Pb(19F, hn)223pa"205

reactions Tl(22Ne, kn) R

and that the decay goes as follows:

'223P'a a 219Ac o 215Fr o 211At

6 msec T usec < 0.5 Usec. T.2 hr

The alpha-particle energies are summarized in Table II.
These conclusions are based on the folloWing'arguments. The alpha ‘groups

appear together in all spectra. The energies have values in agreement with the

215

trends in Fig. 2. The assignment of the 9.365 MeV group to Fr seems particu-

' larly secure owing to the very restricted number of possible aséignments of alpha

groups above 9;3 MeV energy. The excitation function of the 9.365 MeV group has
215

Fr curves in Fig.

223

a maximum at 105 MeV for the 3 reaction systems studied (see

9, 11 and 22), which is a reasonable energy for maximum production of Pa via

the reactions written above. The excitation function curves for the 8.66 MeV

219 ° B : , L
Ihe peak have nearly the same form (Fig. 11) except for some distortion caused

B
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215

by | _dl;v' _some interferring 8.675 MeV Rn-present as the result of

side reactions}':ln the“case of the 223Pa groups at 8;00dand 8.19 MeV there is
serious interference from 22(_)Ac groups of similar energv:so that the excitation
function curves'are composite.r In agreement with this it was- found that the
‘decay curves for these peaks included half-life components of 6 and 22 msec. With
the aid of this time informationvwe were able to decompose_the excitation function
o 223 220, - | .

curves for the two alpha groups into Pa and Acrfractions and to determine

values of 45 % 5% and 55 % 5%'for the 8.19 and 8.00 MeV peaks, respectively, of |

v 223Pa,‘ The same abundance values were obtained from the analy51s of ‘the O8Pb +
19F and OSTl + 22Ne experiments even though the relatlve amounts of 2 3Pa and
220 ' '

Ac were quitevdifferent with these~two target—prOjectile combinations.
The flnal proof of the genetlc relatlonshlp of these alpha groups came from
measurements made by the TAC techniques as d1scussed below

1. Half life of 223Pa‘

To measure the half life of 22.3Pa a target of 205Tl was boribarded with

105 MergzNe\ions and data were collected on the alpha—emitting products by a
controlled sequence in which the beam was on for 20leséc then blanked off for
an 80 msec period during which the alpha spectrum was reeorded separatelv for
>8-time periods of 10 msec each. This sequenee‘was repeated'for_a 2 hour period.

The intensity'of the 8.18 MeV 223 219,

5

Pa peak, the. 8 66 MeV Ac peak, and the

Fr peak was plotted versus the tlme elapsed from the time of beam )

208

-interruption. Similar experlments ‘were performed for TPb bombarded with

19

9.365 MeV

100 MeV F ions. From the combined results a value of_6.5 + 1.0 msec was deter—‘

mined for the “°3Pa half life.
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2. Measurements by the TAC technigues

An application of the TAC technigues to some products of the.

2Ost + 115 MeV ;9F reaction is discussed in Sec. III AS5.. (See Fig. 12). The

principal purpose of those measurements was to determine the properties of the

22lAc: > 21TFr. > 213At'sequence It can be noted ‘however that the 8.00

and 8.19 MeV 22 3Pa peaks are present in the unsorted start spectrum (Fig. 12a)

219 215

and that the 8.66 MeV At and 9.36 MeV Fr peaks are present in the unsorted

223

stop spectrum. . This is so because there is an appreciable yield of the Pa

series at this bombardment energy and because the 219At and 215

22 . : ' .
the 3Pa pulses within the 25 usec cycle time used for the TAC. Little or no

219 215

Fr pulses follow

At appears in the start spectrum because the Fr is.short livedicompared to

the pulse shaplng times of the parent and daughter pulses._ Alpha summing occurs

in thls case and the event is lost to the data record. (That such summlng indeed

occurs is shown by thedelgAc + 215Fr sum peak in Fig. 1h). However, if'a 223Pa

alpha pulse starts the TAC sequence and the 219 daughter alpha does not enter

the detector, the alpha particle.from the granddaughter 215Fr may still enter the

215

detector and -generate a stop pulse. In this case the < “Fr alpha group appears

in the stop spectrum. These observations permit us to estimate a conservative

215

upper limit of 0.5 usec for the Fr half life.

Data sorting by the MULTIS program provided'additionalrdata. When we

219

,imposed the requirement that the stop pulse have the 8.66 MeV energy of- Ac the

223

sorted start spectrum contalned malnly the 8. 00 and 8 19 MeV groups of Pa. A

thlrd peak appeared in this sorted start spectrum at T 68 MeV. This is explained

219

by the fact that the 8.66 MeV pesk in the stop spectrum is not pure Ac but a

mixture of this with 215

219

Rn which decays with a 2.5 pusec half life after formation
- _

from its Ra parent. This extraneous Ra peak was removed from the start
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spectrum by anqther'data sort in which the requirement wae.imposed'that the stop

215 215

pulse have thefenergy of the Fr peak. (In Fig. lEfthe. Fr peak energyvis

somewhat low_owing to amplifier saturation.) In this case only the 2 peaks of

223Pa appeared. in the start spectrum,in the relative intemsities reported above.

The time plots corresponding to:these data sorts revealed a one-component half

"life of T * 2 usec for»the_half life of 219At}

. 'D. Protactinium-222 Series =

During the course of this work it wasAestablished that the unkhownﬁnuclide

222Pa undergoes decay in the following manner:
?22Pa,_8f16;8'jy MeV o > 218AC 9.205.Mev a - 21th,
5.5 msec _ 0.27 usec
The'elearest evidence came from the 209B1( O 3n )222Pa and
206 ( F 3n )222Pa reactions (see Fig. 23 and 24) but several other target-

projectlle comblnations gave useful information as indieated in Table I.  In these
vfigures'we:note a preminent peak at 9.21 MeV. The possible assignmente of an

alpha energy of this magnltude are extremely llmlted (see Flg 2) the favored

assignment is to 218Ac. The maximum in the. exc1tatlon functlon for this peak in

Fig. 25 falls at 89 MeV which is a reasonable valuezfor,the (_6
218Ac has a 0.27 psec half life (see below) so that it appears in these

spectfa only by its continued replenishment by the decay of_222Pa.‘ Peaks at

8.18 MeV (complex) 8. 33, and - 8.54 MeV are a551gned to 222Pa. The 8.18 MeV group

0, 3n) reaction.

in Flg 2h is too broad to be single and in Fig. 23 we show a possible decomp031—
“tion into three groups of 8.16, 8.18 and 8.21_MeV. Hence, we list 5 groups for
222Pa in Table II but it is quite likely that other groups of lower 1nten51ty

remain to be found.
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The composite 8.18 MeV peak has the same form for its yield curve in

Fig. 25 as does 218Ac; The 8.33 MeV group is badly mixed with the 8.36 MeV‘group

21k 22

of Fr. The 8.54 MeV peak is mostly 2 Pa but is mixed.with some 2lhmFr. It

Iy : : . .
is known that gl;mFr has peaks at 8.48 and 8.55 MeV of nearly equal intensities so

a correction'can‘be made for the 2lumFr contribution to the 8.54 MeV peak.

209Bi N 160

A half-life measurement was made on samples prepared by the.
reaction by a ddta recording seéuence in Which the 20 msec peﬁipd between beam
pulses was divided into 12 time periods 6f'1.7 msec'éna'the élpha'sﬁéctruﬁ'was'
recorded separately for these time periods. The inﬁensity of each:élphé‘grbuf 

of interest was plotted against time to determine half.life curves for indiVidual

peaks. The 8.18 MeV 22°Pa peak and the 9.21 MeV “TOAc peak provided the best

222

data leading fo a value of 5.7 *+ 0.5 msec for the Pa half life. -

The half life of 218Ac was measured in an experiment done by thesTAC

method 1 described in the Sec. IIE. In this experiment the prbducts of the

209g; '+ 16O reaction were studied at a beam energy of 95 MeV. The 9.21 MeV

218, . peak appesred in the stop spectrum. The data were sorted with the MULTIS

program with a window set on the 218Ac peak in the stop spectrum and another

across the region of the 222Pa groups in the start spectrum in order to derive
a time distribution characteristic of 218Ac.iThi‘s resulted in a one-component
decay curve_corfesponding to a half life of 0;27 + 0.0k usec. A second sort

. isolated the 222Pa groups associated with. the 218Ac daughter activity. The

intensityvof the 222Pa peaks 1in this sorted start'spéctrum was quite low (about

-

100 counts total) but these were grouped at the expected energies of 8.18,_8.33,

and 8.55 MeV, which verifies the assignment to 222Pa.
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IV. DISCUSSION

A 'Possible‘Pfeseﬁce of Long-Range Alpha Particles

The_obserﬁation in this and in the previous stpdyl of several nuclides
emitting alphesﬁefticles of more than 9 MeV-with extremely—short halflives .
makes it necessary to consider‘the.possible occurrence'of alpha emission from
excited'sﬁates-in competifion with.Y-emission;_ Ffomﬁknoﬁn relatienships:betﬁeeng
alpha—decz.a.y“e'nergy a.nd halflife we can expeet alpha_ci_ecay halfliw}es for

Ea > 9.0_Mev to fali in the range 10—8 to 10_6 sec for isotopes of the elements

polonium through radium. Gamma. ray halflives for single'particle”transitions

are of thls order or longer for gamma transitions of hlgher multlpolarlty than '

“El or M1 prov1ded the Y-tran31t10n energy is less than 200 keV. . Thus, the':

" distinct p0551b111ty exists that some of the alpha groups in our spectra cor-,

respond to aipha'transitions from excited states. We believe-that-ell the alpha
peaks givenfaefiniteeassignﬁentsvin this report are:eofrectly regerded as |
transitions from-a.grouhd state but some uﬁidentified:ICW—intensity peaks Of‘

> 9. O MeV are p0551ble candidates for attribution to alpha tran51tlons from

ex01ted levels Further work 1s requlred to 1dent1fy and a551gn these alpha

- groups.’ -
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B. Systematic¢ Trends.in Alpha Data

The'Sysfematic trends in the experimental aljﬁaQParticle energies for
the ground-state transitions of all known alpha emitters of odd Z near the 126
neutron shell are displayed in Fig. 2. The new daté éﬁ frétactinium, actinium,
and francium isotopes ébtained in the preseht work help.to define the trends
on the right side of the spike at 128 neutrons and make it possible té estimate
decay energiésffor lighter nuclei which have not yet been measured. A.v
similar plot of the data for.é#en Z elements is givéﬁ in Fig. 17 of our

previous paper.;

In those few cases where there is doubt that the measured experimental

values repféseht decay to the ground state the points are drawn With special
arrows to call attention to this uncertainty. We noticed that most_of these
doubtful points occurred‘for nuclei with neutron nuﬁber_iBBIOf l35vand decided
to replot the'datq in the'maﬁner displayed in Fig. 26, In this figure it can
be seen that’the‘experimental points lie systematically low for the N = 133
isotones of Fr, Ra, Ac, Th and Pa. The squares'indiéate the valﬁes which seem
to us more éofrect for the trends in this figure and in theApreviouslyvcited
figures. There are no‘experimental data against fhis interpretation exbept in

the case df 22_.lRa where the alpha-gamma coincidencé'sbecfra of Ruizlh seem

to establish that the 6.75L4 MeV alpha particle reaches the daughter ground state.

:This work is.not completely definitive however and would, for example, not have
detected a délayed ahd perhaps highly—convertea transition of the daughter
nucleusvto ité true ground staté.

The question arises whether'some individual.pa£ticle leyel of high

spin occurs at or near neutron number 133 to cause a sudden change in the
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alpha—decay'pattern. Inspection of the shell'model level diagram for spherical
nuclei indicates no.likelihood of this. On the other hahd, if we admit the

' 22 . 221R
possibility of s1gn1f1cant nuclear distortion for such nuclei as a,

22QAc, 223Th and 22hPa then the Nllsson model level scheme should be appli-

cable. If Weﬂconsult a recent paper of S. G. Nllsson and co-authors15 and
particularly.fig. 2f of that reference we note that'for nuclei’near mass 225
with'an o parameter‘of.ﬂ O,é and a slight o 'distortion of aO;Oﬁ the
[606]13/2_1evé1'is-favored for the 131st and I32ndnneutron and that the neigh—.
borlng orbitals have splns of 3/2, 5/2 and 1/2 Thls 1nd1cates that these
'1rregular1t1es in alpha—particle energles may be connected w1th the onset of
stable ground-state deformatlon 1n this group of nuclei and with the occurrence'
.of a 13/2 level‘near 133 neutrons. The p0551b111ty of IeomerlsmHls alsollndl-
cated. Theee:considerationsvindicate that the nucleltln thls reg;on are worth'
further étudy;'?" | e B |

It iS'aleo of intereet to compare the experinental alpha~particle
energies andvthe estinated‘alpha-particle energies.(sduares-in Figs. 2 and 26)
with the predictions of various mass formulae"and semiempirICal estimation

16-19 ‘We have done this in Table III after convertlng the alpha—

methods.
partlcle energy toa Q value corrected for . the’ rec01l energy and for the

‘ screenlng effect_of the atomic electrons.'vIn order to judge the success of
these predlctlons ‘for this partrcular group - of‘nuclel we have made plots (not
‘shown) of the data sets from Table III Fromgthesenwe;conclude that the eXtrabo—
latlons by Vlola and Seaborg 18 are in bestiaéreement with our experimental data
w1th a mean deviation of 90 keV. Among the mass tormulae the predictions by

17 19

Garvey gt_aif and Zeldes et al. reproduce well the trend of the experimental
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points and différ in the absolute values by mean deviatibns of only 150 keV
and 200 keV, respectively. The values of Myers and Swiéﬁecki show a con-
siderably different trend and deviate from the‘expefiméntai points by more
than 1 MeV in the worst cases. |

It may also be of some interest to apply a widéiy—used semiempirical
‘formula relating half-life and alpha decay energy té the:new half-life infor-
mation an odd-odd and odd-even nuclei reported in this paper as\ﬁell as‘to.
new life time_data in even-odd nuclei reported in thé previous ?aper. We use
the relationship | |

-1/2

1og1g ty o = AZYQeff + By + logj, F

where t is the partial half life in seconds, Q is the aipha decay

1/2 eff

energy in MeV, AZ and BZ are empirical constants, and F is the empirical
hindrance factbr. .Table IV gives values of loglOF for 15 alpha emitters based
on AZ and BZ' constants interpolated from values given by Viola and

Seaborg.l8
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Table I. General Sﬁmmary of. Target Projectiie'Combinapions

Target,(ProjeCtile and

Compound Nucleus

Level of Uéefulﬁeés'for Production and

Study of members of Protactinium decay

Chains
High- ;‘Moderate Low -
20954 | 22Né’v élep' ‘j?_ééspa, ézhéa‘_  223Pa
209, 20Ne"'“_2_’29Np ‘122upé". 223p, 222,
208, . 2%Ne 230y 7  225pa,-22hpa
2085, eoﬁe , 228U‘ ,1??5pa; 22u§a
209, , 19 228, | | sy, 2y,
208, 4 195 _2é7pé_.z }:gghpa, 2?1Ac;‘22oAc':;i”?23Pa, Zégpa -
2050 4 22yo » 22Tp, 22hy, 221, 220, - ;223P53_222Pa
2050, 2:ONe'. 2?5Péf | 222y, 220Ac
.gbgBi , 16, 225,, 222, 220,
206, , 19, , 225, 222,
208, , 18, 226ih | 221, 220,
208Pb ,160' . éehTh 221, 220,
208, , 15y ' 223, ?QOAC' o (
'.208Pb' by 222, 220,
!
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Table II. Summary of Results on Protactinium becay Chains

‘  Present Results -

a-Particle

. Previous Reports

a-Particle

Nuclide ‘energy Inte;sity Ti/2  energy Integsity T1/2
' (MeV) (MeV)
229Np cﬁain |
229 6.89% 100 4.0 min®
225;@ 7.195 + 0.010(2) 30 * 10 o v 2 sec®
A 1.8 + 0.3sec ' ' v '
7.245 + 0.010 70 + 10 7.25% 00| 0.8 sec®
2?122 7{i70 + 0.010 N2 52 + 2msec e |
: 7;375 + 0.010 10 £ 5 B
_Y}XAd’i 0.015 20 + 5 7.422 30
| 7.645 + 0.010 70 % 10 7,63 70
21751 8.315 + 0.008 100 22 * Spsec -8.31% 100
213Ai 9,080 1 0.612 100 0.11#0.02psec 9;66a 100
22hPa chain
22hp,, 7.49 * 0.010 " 100 ,o.95£o,15sec;
7.8 (2) -
7.96 (2)
%% .61 £ o0.02 p3ts  26.1 t o,Sﬁséérth
'7.68:i 0.02 21+5 o
7.790% 0.010 1342
7.850% 0.010 2412
b2

7.985+ 0.010

- (continued)
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°See Ref. 11.
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' Table II. continued
f'Preseht Results '+ Previous_ Reports
. o~Particle iy a-Particle . ..
Nuclide energy Inte251ty T1/2 “energy ' Inte;s;tyv T1/2
- (MeV) - (Mev) - v
8.005 + 0.010 5+ 3
£ 8.060 * 0.010 61
v 8.195 + 0.010 3+1
S 216, ' o , L
" Fr 9.005 % 0.012 - 100 0.70 * 0.02usec
:223Pa chain -
- 223 4 \ .
Pa -8.005 *+ 0.010. 55 £ 5 6.5 + 1.0 msec
l 8,195  0.010 45 £ 5
219éf ©8.665 £ 0.010 100 T + 2usec
2L5py 9.365 + 0.015 100 < 0.5usec
.222Pabchainﬂ
%%%pa 8.6 5.7 + 0.5 msec |
8.18. 50
. 8.21
- 8.33 " 20
8.5k N 30
éSV . . . e
2; Ac  .9.205 * 0.015 10.27 * 0.0husec .
aSee Ref. 1é;;
bSee»Ref;'io,




Table III. Experimental and Predicted Q values (all values expressed in MeV)

_This Work | | Predictions of Other Authors

Nﬁcieus | Experiment' Estimate ".Myers.gﬁ_ggxa)1_G$rVeyv§§;§l¥b> Viola gz;gi;é) Zéldés.gﬁ_él-d)‘
‘2251’& 7.k00 o 8.’&60 753 N 7.370
22hy, 7.650 8.689 | 7.98 7.82 7.776
223pg 8.375 8.931 8.38 8.42 8.14k
222, 8.72 9.159 8.90 8.97 8.511
22lp, 9.19  9.u0l 9.4 9.31 8.913
*2%pa o 9.70 9.629 10.26 9.77 9.408
219, | o 10.06 .9.871 © 10.89 10.00 19.979
218_Pa a0 8.364 9.9k - 9.3k2
201, 7800 . a6 158 R R
220, g.38 | o 812 807 - 8.099
2191 ~8.870 8.662 | S 8.70 B 8.523
218, 9.415 : 8807 9.3 . 9.6 ~9.040
23_”Ac 9.87 9.1L7 9.08 9.70. 9.633

(continued)
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Table III. continued

a).

_This Work . : _ Predictions of Other Adthdrs
Nucleus  Experiment. Estimate - I\/Iye.rs-._-_e_z ’_a;l_.é) Garvey. et a_l_.b) Viola'et él._-c:').'. Zeldes 23_9_,;_ '

2lTgy 8.495 7898 8. 8.460 8.315

26p.  g9.205 C salm 9.7 930 8.855
oy 9.575 8.399 9.76 9.586 9.4
g 9285 7.626 9.05 9.380 9.306
a)Reff'iG.
Ref. 17,
SRer. 18. \
'd)Ref. 19

—ge-
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Table IV. Hindrance Factors for Alpha Decay

N Nuclide (igv)' | lggloF N Nuclide (ﬁgv)_ _1OglOF
128 BBy 9.080 0.39 132 e 7.170 0.81
S . | 1375 0.79
129 210p.  9.005 0.33 7.5k0 0.81
o 7.645 0.81
130 ey 8.315 0.06 o ,
B | 133 2220 7.00  0.46
131 ®Ra 7980 0.96 ' - B |
7.675 0.55 133  “m - 1.315 - o.m
o | ' | 7.285 0.39
120 B 9205 - ok 3y o
B | 131 2lm 8.0 1.99
130 “ac 8.665 ~0.13 R T 0.81
e | o T3 0.70
131 % 1.6 3.28 - |
o 7.68 3.97 131 “®%pa 8.18 2.38
7,790 3.92 | S 8.33 1.85
- 7.850 3.87 S '8.shk o 1.01
| 7.985 1.68 - R
- 8.005 1.66 - 132 “®pa 8.005 1.09
8.060 1.16 895 0.43
8.195 0.8 L .
133 e g 0.6k
135 *®pa - 7.195 0.21

T.245 . 0.43
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FIGURE CAPTIONS
1. Sepfieﬁ of fhe chart of fhe.nuclides indicating ﬁhe-group‘
Just above the.126 neutron and 82 proton shellseﬁifh>which_this paper is
concerneg} Families of odd-Z alpha emittersvonewﬁieh new information is

presented are outlined in black borders. The stable isotopes used as tar-

-gets are shown by cross hatching.

2. Alpha~particle energy (for ground state traneition) for isotopes of the

elemente bismuth to neptunium plotted versus neﬁtrdnvnumber.- For isotopes

_ with more than 126 neutrons only the odd-Z elements are shown. Aieomparable

: 'figure.for the even-Z elements is.giﬁen in Ref. l!'

Fig.

3,vvsehematic cut through center of cylindrical feactien cell;'.Cehtral

portion of cell is filled_with helium at 2.2 atmdsphefes pressure'supplied

" through He 1nlet at ton of drawing. The cell is moﬁnted'in-a;vaquum chamber

Fig.

open to the beam p1pe ~ Vacuum seal is made by O—rlngs represented by

-black dots.f The w1ndows are h.5 mg/cm2 Ni. Theileem flight path for

recoiiing nuclei corresponds to 5 cm3_of He at_a'density of 0.4 mg/cmB. He

'gas-flqwsbout of chamber via 0.4 mm diameter capillary, 6.5 cm long. Recoil

nuciei cellecf en-a plate positioned in.fronthf an anhulerjdetector. The
line‘merkedvdegrader foils representsva set Qf(éiuminum‘absorbers mounted
on'a_wﬁeel~andjadjusfable from outside the vacuum'ehamber.

4. Schematic diegram of electroﬁics‘used in Methodfi to study time

correlation of alpha particles from a_sihgle.detector. TAC stands for

"time—tOAamplitude converter. The tlme sequence of pulse forms at points

A, B, C, ete. in the diagram is dlsplayed in the lower part of the figure.
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Two lihear (energy) signals.

The analogous time signals.

Gate 51gnal 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 aeeepted by the TAC, i.e.‘if
it.haslbeen proceeded by a (accepted) start pulse within the time range |
of the TAC. |

The.linear signal corrésponding to the "start a",after passing first gate.

. ‘The5Same (start a) stretched for a time equal to the TAC time range

Sectlon of th1s stretched 51gnal gated through to the analyzer by the

valld stop 31gnal D.

_Linear signal corresponding to the "stop o" gated through to the analyzer

by the valld stop signal (D).
The TAC output proportional to the time elapsed between the emission of the
two u—partlcles (B). . o

Schematlc diagram of electronics used in the’ Method II to study time cor-

relation of‘alpha partlcles from a s1ngle detectOr.

The time sequence of pulse forms at points A, B, and C

in the'diagram is displayed in the lower part of the figure.

A.

B.

C.

Two'lihear (energy) signals added in thevlinear'amplifier.
The analogous time signals.
The TAC output proportional to the time elapsed between the emission of

the two o-particles.
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Fig. 6. Alpha-particle spectra of products of the 299Bi:+ ?2Ne reaction for

two bombafding energies. Spectra recorded over ai30’minute period in the
20 msec_inférvals between U msec beam'pulses.

Fig. T. Yieidfof individual products as a function of bombardment energy in the

2098i +”22Ne'reaction.

Fig. 8. Alpha—ﬁafticle spectra of products of the 208Pb + lgF.reactiqn for two

bombérding'enérgies. Spectra recorded over a 30 ﬁinute period in the 20 msec
intervals between 4 msec beém pulses.

-Fig.v9. Yield of individual prodﬁcts as a function 6ffb6mbardment energy in the

208 + 19

Pb F feaction.

205

Fig. 10.. Alpha-particle spectfa of products of the Ne reaction at thrée

i

T1 + 22
bbombarding energies. Spectra recorded over a 30 minute period in the 20 msec
intervals between H msec beam pulses.

Fig. 11. Yield of individual products as a function of bombardment energy in the

,?O5T1 + 221\Te'reaction.

Fig. 12. Alpha spectra of products isolated from thé reaction of.208Pb with'

115 MeV lQF ions with data taken by TAC technique I described in Sec. IT E.

~ The TAC cyéle time was 25 upsec. (a) unsorted start spectrum (b) unsorted

221Ac peaksabbtained in data sort with

213

stop spectrum (c) start spectrum of

217Fr (8.31 MeV) and

213

windows B and C set on
e 217

At (9.08 MeV) in stop spectrum

> (d).stop»spectrum of Fr and

- set on ?21Ac peaks. The small 216Rn peak”ét 8.05 MeV is due to a trace of_

_220Ra (7.45 MeV) in the start'spectrum{'J

217

At obtained from data sort with window A

Fig. 13. Half.life of Fr obtained from time parametér information derived
from data sort with window A set on stait pﬁlseS'and window B and C set on

stop pulses (see Fig. 12).
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Fig. 1h. Alpha sum spectrum taken by TAC method II (described in Sec. IIE) on

19 208

products iéolated from the'interaction of 100 MeV ""F with Pb. The TAC

range was 3 usec.: Peaks from the following mother-daughter pairs appear in

220 216 217 213 19 215

the spectrum: Ac + Fr, Fr + At, and 2 Ac + Fr. The position

and‘léngth of the arrows shows the expected location. and relative intensity
(linearZSCaie) of the sum peaks computed from the cpmplexity in thé 0-groups
from the moﬁher and daughter. Windoﬁs A and B Weré‘used in'a sdrt of the
data withtthé.MULTIS program-to select time paramefer information character-
istic.bf‘216fr and 213At, respectively. (See Fig;715})'

Fig. 15. 'Half.life.6f 216Fr from time parameter associatedfwith O-sum events

| 213 |

falling within window A of Fig. 1. Half life of “““At from similar sort

of data with o-sum energy specified by window B in Fig{'lh.

213

Fig. 16. Détérmination of At half life in an expérimeht similar to that des-

cribed in the captions to Fig. 14 and 15 except that the TAC range was 1 Usec.

220 208_ . . 15

" Fig. 17. ““ Ac alpha groups observed in the products of the Pb + "°N reaction

at a beam energy of 75 MeV. Counts registered for 20 msec periods between L msec
beam bursts. Total time about 20 minutes. Beam level about 0.3 pamp. The

tailing on the high-energy side of the gléFrbpeak is caused by partial over-

lap of pulses from the 0.7 usec 216Fr with 220Ac parent pulses.

_ G ' : _ ' 216
Fig. 18. vHalf-llfe of 220Ac determlned fromvobserved‘decay of 9.005 MeV 6Fr
a—peak,' Séﬁple prepared by 2OSPb + 15N reaction.
. - - 208, 15
Fig. 19. Results of measurements on products of Pb '+ 75 MeV "“N by TAC

method I. Start spectrum from MULTIS program sort'impbsing the requiqement

that stop pulse have amplitude corresponding to 9.005 MeV 216Fr. 0.2 usec

shaping constants for amplifier. TAC range was 3vuseé with 0.4 usec delay
216

on start pulse. The Fr pulses represent accidental coincidences. Because

B ’Q:(Q\\
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Fig

Fig.

‘Fig.
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216Fr and;éiQAt are of comparable intensity in_tne‘singles spectrum (fig.
17) we may expect a contrlbutlon in the TAC spectrum at 7.67 MeV comparable
to the spur1ous 216Fr peak. o | | .
20. Half life of “OFr from MULTIS program_sort;oprAC experiment data.

This timeeparameter information’is associated with the energy information

-dlsplayed in Flg 19

20

Q_2l. Alpha partlcle spectrum of products from the reactlon of 108 MeVv Ne

209

ionsaon~, B1 Spectra recorded over a 30 mlnute:perlod in the 20 msec

'1nterva1s between 4 msec beam pulses.

22, Yield of individual products of the.gogBi't.ZONe reaction as a function

of the bombardment energy

206, . 19

23. Alpha—partlcle spectrum of products of Pb + F reaction Data

vrecorded over a2 hour period in the 20 msec 1ntervals between 4 msec beam

pulses. The 22LlPa decay chain members are present in thls spectrum because

208,

- of the 1: 57 Pb content in the target.

‘Fig.

209B1 . 16

2&. Alpha—partlcle spectrum of products of the 0 reaction ‘Data

recorded over a 2 hour perlod in the 20 msec 1ntervals between h msec beam

Fig.

the

pulses.'

. 25. Yield of individual products as a function of bombardment energy in

209Biv‘+_'l60 reaction.
26. "Alpha-particle energies of ground state transitions for the isotones

N =128 to N = 136 plotted versus proton number.

e .
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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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