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ABSTRACT

Isotopes of actinium lighter than mass 216 were studied at the Berkeley Heavy

209 205,

Ton Linear Accelerator by bombardment of Bi with leC, enriched - T1

6. ~ 2
~and QO:TI with t 0, and 197Au with ONe,#;Silicon (Au) surface-barrier

detectors were used in on-line measurements to determine O-decay characteristics.
215

, . o
Mass number assignments . of Ac  through 09Ac were made on the basis of

excitation functions, genetic relationships with radium isotopes, and systematic

trends in C-decay energies, ~Half-lives and OQ-particle energies were determined.
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I. INTRODUCTION
In a.series of previous investigations we have studied a-decay properties
P SPTPIR e T 2 3
of neutron-deficient isotopes of polonium and astatine; . radon, Ifranciumnm,
. ] L{_ i . ) . . ) . N . ) .
and radium using on-line techniques at.the Berkeley Heavy Ilon Linear Acceler-

ator (HILAC). In this paper we discuss the extension of the work to the light
par _ : &

5.

" isotopes of actinium about which little is known. The only available experi-

mental information is an unpublished study'of Griffioen and Macfarlane6 in

213

which O energies and half-lives were determined for l Ac. and

recent'study of.216Ac by Rotter, et al.7

Ac, and a

In the present study a number of new & groups were found among the pro- -
e R 20 16 |
ducts of gold, thallium, and bismuth targets bombarded with =~ Ne, =~ 0, and -
12, A e e e T ey
_ C, respectively. These new activities were assigned to the actinium isotopes
209 . 215 ' o S . N
_ Ac through Ac, and half-lives and accurate O energies were determined. for -~
them.

The new information is interesting in its own right and is valuable in
-connection with the method of closéd Q-p decay cycles for improving and ex-
tending estimates of atomic masses, Q- and B-decay energies, and neutron- and .
proton-binding energles.  The present data are useful as a preparation for .
the study of isotopes of thorium and protactinium, because light actinium

isotopes occur among the decay and byproducts in such studies. The information
is also importént in connection with experimental attempts to prepare new iso—
" topes of elements beyond atomic'number 100 by reactions.. induced by complexj:

nuclear projectiles (heavy ions) because traces of lead or bismuth in the tar-

. get material can cause the formation of o active isotopes of many elements




Eosentlally, the reactlonfproducts recOLllng

c .""',.10
- and Macfarlane andiGriffioen;=

7 chamber; The oroducts thus QEDOolted were thed posltloned w1th1n about O l sec

N

,in fr ont of a Sl\AU) surface barrler detector._ Small amounts of actlvvty were.
:colleCted on tne catcher f01l lm less'bhan 50 msec whlle the collectlon,tlme

f-lf the magor part WaS of the order 01 secondss. Ina.typwcal experlment re-.

- coil activityfwas*al ernatlvely collected for a fractlon of a second and counued

for the same oevlod w1tn the cycle repeated over a perlod of 5 to AO mln.:l

gTTbc abparabus, elecuron"cs, and the speclal energy calmbratlon method are
'QeSCribed,in afpreviOus-articles% The encréy otandards used to celloratekbhe_
o4 spectra are glven in: tbe.neadlng of Table I. . |

After many sets of exnerlments had been completed w1th thls apparatuS'
it beceame cleal that more satlsfactory results could be ootalned w1th a re-ff
designed abpafebﬁé:wibﬁ-alsho?ter collectioo ﬁlme:d Heocedwe bdilt tbe ?Ppé?”?”

ratus sketched in Flg l TheitWO'essential.changes*conSisted ina great» '

_‘reduCtion 1n the volume of tbe hellun fllled chamber and tne 1ntroductlon“of
"tne helﬁum at the too of tne chamber through a double thlckness of electromesb;

grid which removed”some’of_thezturbulence from the‘helium‘flow and,served‘to




3. o wReatkos
direct 1t in a‘moreiiinear'patb towardvthe'nozzie-at.the bottOm‘ The conical
beam entry arm of the chamber ‘was made 1n several slzes and tested in a
.serles of experlments to determlne whlch size Would glve the highest yleld for
the act1V1tleS w1th less than O 5. sec half- llfe. Marked 1mprovements in counting
rate up to a factor of. lO -Or more were obtalned From the dlmens1ons of the
chamber and the hellum-flow rate we compute that it requires O. 5 sec to re-
'place the gas in the complete chamber volume.

We indicate in the figure eaptiOns-and tbe text_which data were taken
with the old and which with the net apparatus.-
The reactions:used in the study were

1905 ne, x0)2 T *ae

e,xn )
VHEOBTl( 6O,Xn) 19-%p0

221 -x

120507 (164 1) Ac

where x refers to the number of evaporated neutrons.»'The gold target was

2.5 mg/cm2 leaf. The thallium‘targets were separated 2030y, and 205p1 (88.2%

205

. 2OBTJ_ 11. 8% 205Tl and 99 0% T1, 1.0% EOBTl respectively, according to

the suppller, Oak Rldge National Laboratory) evaporated on 2. 3 mg/cm nickel
foil. The thlckness of the OBTl target was about 0.8 mg/cm and that of
v 2O5Tl about 1.0 mg/cm 2. The bismuth target was 2.26 mg/cm natural blsmuth

evaporated on 1. 92 mg/cm alumlnum foil.

, 2. : :
The maximum beam energy was 208 MeV for ONe, 166 MeV for 60, and

. : 5
'125 MeV for lQC. Lower energles were obtalned by 1nsert1ng stacks of l 72 mg/cm

"alumlnum absorber foils in front of the target 2 The range-energy relation-

11,12

ships of Northcliffe were used to calculate the‘energy_retardation in

the absorbers.
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' -Thevyieldvversustbeamdeneréy cufveé*ééfé measured starting at the
}Coulomb barrler and progres51vely 1ncrea51ng the beam energy untll the
-imax1mum energy mas reached or v1ce versa, startlng at-full beam energy andy"h
Eendlngpat the barrler.' The.total 1ntegrated beamacurrent was the same for
d_all runs " The measurlng tlme was typlcally 10 to 50 mln and the interval .
v between measurements 3 to 5 min. . |

In separate experlments half llves of 1nd1v1dual o peaks were de-..

, termlned w1th the technlques outllned in a prev1ous artlcle.l

S

CoIIn. RESULTS ff:: I SIS

"T{:A}‘ Experlmental Data 1}-'c L

hj?“The actlnlum.lsotopes studled in thls Work were far from B stablllty

vviand had large decay energles for electron capture and o decay Accordlngly,'-“rj;"

ii-the half llves were short, of the same order of magnltude as the collectlon :“:

: time of our apparatus,'or shorter. Particularly in the experlments performeds}.f*

Wlth our- orlglnal chamber most of the actlnlum rec01l nuclel decayed in

| vﬂ:ffllght before belng detected whlch made the daughter act1v1t1es and other,,ﬁ'fl» -

‘-products of the nuclear reactlons much more promlnent than actlnlum in the'

a‘ spectra. Noncompound nucleus reactlons appeared to contrlbute more to the;ﬁ}j:_,f

hyields'cf the daughter act1v1t1es than in our prev1ous studles of elementsvslp‘

. below actinium Hence our, measurements on the actlnlum o peaks were useful
.r;for a-energy and half llfe determlnatlons and fcr ass1gnment of the act1v1t1esiﬁ
‘ :tc 1sotopes_but not” for the estlmatlon_of cross sectlcns or branchlng ratios

for ‘@ decay and.electron capture. -
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20%

Tl + l6O reactions at

209Bi + 120

Figure 2 shows O spectra obtained from the

three beam energies. Figure‘B shows three spectra from thé

197,

reactions and Fig. L shows_four spectra from the u +'20Ne reactions.

Besides these spectravadditional ones were taken at many other beam energies .

and the data were used in the formulation of the excitation functions. The

203

excitation functions of the actinium isotopes from the TL + 16O reactions

are given in Fig. 5; the yield curves of their radium and francium daughters

205 16

~are shown in Fig. 6. Excitation functions for the products of the TL + —0

ang 209
197

Bi.+ l?c reactions aré givgnvin Figs. T and 8, respectively. Thev
Au + %ONe reactiohs required two figures: the yield curves of actinium,
‘radium_aﬁd radon are showﬁ ih Fig. 9, those of aétinium; francium and
astatine are presented'in Fig. lO.. The curves‘in Figs. 2, 5, 6, 9, and 10

were obtéinéd_with the fast apparatus, those in Figs. 3, 4, 7, and 8 with

the original apparatus.

. B. General'Coﬁments on the Data

In general the‘exciﬁation functions of the activities_we have assigned
to agtinium isotopes haﬁe the shape typical for compound nucleus reéctibns.
vrIn a given reacﬁioh each aiactivity has a beam energy at which its yieldlis
_'a maxiﬁum and as the beaﬁ energy is raised above this éndthér product rises
in yield. We cannot rule out some distortion of our expérimental‘curves re-
sulting from unknown factors in the collection éf such short li&ed activities.
‘Since the mass number of the compoundznucleus vafies from 217 to 221 in the
foﬁr ﬁarget;projectile sysféms thevmaximum.yield for a given productvnaturallj
: occurs at different béam energies; but thé order of excltation of the products
 é£aysvthe same, These cdnsideratiéns make it‘poséible t6 make a preliminary »
éssociation of mass numbefs to_the new activities or at the very least to

arrange them in descending order of mass number.
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The next-step is‘to‘compare'the curves for‘thefactinium 1sotopes
w1th the curves for the electron capture daughter products (radlum act1v1t1es)';

'zand the a-decay daughter products (franc1um 1sotopes) "Conclusions from

. the comparison of,these curveS’must ‘be made with some caution‘owing to a

'difficuity which'is explained with the aid of Fig( 11., In this figure the

'a—disintegration energy'isﬁplotted versus neutron number for several elements

1 in.the mass number range in'whrchbour products lie. The topmost curve includeslf
"f,our new data on actlnlum 1sotopes w1th the a351gnments as glven below..;A

d'vstrlklng feature of thls flgure 1s the step effect. Nelghborlng isotopes

- .have closely s1m11ar o energles (and often closely 81m11ar half lives) so

'that 1t is dlfflcult to dlstlngulsh the two w1th1n the a energy and time re-

: ~f.solutlon of . our methods. Hence several of the experlmental spectra and ex01ta-=

hﬁ tlon functlons of the fran01um and radlum daughter peaks are comp081te and 1t

Sig not obvious which mass_number to assoc1ate with the daughter and hence - »lyf;e,”

'thich maSS'number tolfattributefto the actinium parent To compllcate matters, Ry

the form of several of the yleld curves for the fran01um 1sotopes is .such as
to suggest some dlrect productlon v1a reactlons of the (heavy ion, oxn) and

(heav ion pxn) types. Our comments on these matters are collected in
Y ) _ : ) ,

f@;rSectlon IV

However,'ve believe:ve'can make defrnite;mass‘assignments.to the'nev-
actinium activities ontthegbasis of the.arguments‘outlinedhin the_section
'which follows; _A_sumuary of our:assignments is‘given in\Table I Where they
'i.are compared vith the unpuhiished.results'of Griffioen and Macfarlane.6 The
;vquoted errors are.conservatlve llmlts covering the total spread of several
-1nd1v1dual measurements and are substantlally greater than the statlstlcal

Auncertainty.
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-»C. Evidence for Specific Mass Assignment

'Actinium-215.f‘From'the observed regularities in the a;decay Pro-

perties of the known polonium, astatine, = radon,  francium, and radium

isotopes (see Fig. 11) dne_expects the isotope eleé, containing 126 neutrons,

to emit an O particle of about 7.60 MeV. An a-particlé group with 7.602-MeV

203p, , 16

energy and 0.17%£0.0L sec'half-life was observed in the TL +

209

0,

and 29781 + % reactions (see Figs. 2, 3, 5, 7, and 8).

The shape of the excitation function for the T.602-MeV Q aétivity in
20% ' | | |

the Tl + l60 case (Fig. 5) is particularly gqod'eVidence for the assign-

215

Ac. The maximum yield occurs at 85—MéV bombarding energy, 9 MeV

\

ment: to

~above the Couloﬂb barrier, and_rapidly.decreases.at higher energiles; the

205

o second maximum is caﬁsed by the 11.8% Tl in the target. At a bombarding

219

- energy of 83 MeV, the excitétion energy of the Ac compound nucleus 1is

43 MeV, which is reasonable for the evaporationvOf 4 neutrons. Evaporation

of only B.neutrons‘would result in the formation of'216Ac whichvis known

7

ffom the work of Rotter et al' to have an o enérgy;of 9.14 MeV and a half-

- life of‘O.59 msec.

If the 215 mass assignment is correct the 7.602;MeV & group should
197,

.'not’appear in any spectrum from the ﬁ + 2ONe reactions because the

~compound. nucleus has far too much excitation energy even at the barrier to

emit only 2‘neutrons; in keepihg with this the 7.602-MeV group was not seen

205 16

~in these spectra. The'new activity has its maximum yleld in the TL + 70

: o | . |
.reaction (Fig. T) for a beam energy of 11l MeV and in the 20955 .+ 1% case
'(Fig. 8) for a beam energy of 99 MeV corresponding to excitation energies
- for the 22Lpe compound nucleus of 67 and 66 MeV respectively, which is rea-

v'sonable for the evaporation of 6 neutrons.

205, 16

0,

ElTAc'
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: 215 s 2Mlp,
The O%decay daughter of Ac is r whlch emlts a partlcles of
6 555-MeV energy and 3 O6-m1n half llfe An (07 act1v1ty w1th these propertles

is promlnent in the spectra but the observed act1v1ty 1s a compos1te of

-
o ;Fr and Fr act1v1ty, the latter hav1ng an thartlcle energy of 6. 5h2 MeV :”‘

s

an 18-m1n half life. 5.
The electron-capture branching of Ac to'produceﬁl.6-msec
1 . . ) 6 . ) - ) . '. : E . . . o . :
“Ra. (E = 8.7 Mev),, is expected to be small. In a long run with the fast

: 2 c
abparatus us1ng the 05T1-+ 16O reaction at a 80—MeV ion energy, we observed

a weak O peak at 8. 70+O 02 MeV If we attribute. thls O group to_215Ra,_we
5Ac

‘-obtaln an electron capture branch of 0.09%0. 02% for

Actlnlum 21& In an unpubllshed study of the products of blsmuth

v]bombarded w1th carbon 1ons, Grlffloen and Macfarlane6 found ev1dence for,;

h

' fa groups of Ac w1th energles of 7.12, 7. 18 and 7 EH MeV and a half- llfe -

of 12 sec.. These probably correspond to the peaks at 7.080, 7.156, and.‘:
1. 212 MeV visible in. our spectra in Figs. 2-4. In additionvwe see aismall
”peak at 7 OOO MeV. From the shape of this peak:we suspect that it is composede

of two groups dlffering in energy by lO to 20 keV{>

- The exc1tatlon functlons of these four peaks are shown in-Figs. 5 and. 7 10. - -

The 81m1lar1ty of the curves for; the peaks at 7 212 . O80,rand T OOO MeV
lfmakes,us conclude-that they are assoc1atede1th a 51ngle rsotope, The,max1mum.¥y~
iyield‘occurs atibomharding'energies which are-reasonable‘for the,zluAc
._.assignment invthe four reactions studied. For'example iniFig. 5 the‘peakl 5
‘ y1eld occurs for- 94 MeV l6b'corresponding t0v52-MeV'excitation'of the'2l9Ac e
‘compound nucleus, a reasonable exc1tatlon for the evaporatlon of 5 neutrons.
The peak at-75156vMeV can be as51gned_to 21.LLRa which is known from |

T ' : . »
our previous work +to have an O-particle energy of 7.136+0.005 MeV and a
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~half-life ofv2L6JSec.v Tth acULv1ty abpears in' cur spectra partly becuuso

e ok
of its formation by the electron capture of. * Ac and partly by some dlwent

203, 16>;f*

process.. At uhe peak of the exc1tatlon functlon'for ? Ac in the. 1.+ 70 o

case (see Figs. 5 and 6) we have strong‘ev1dence ‘that 2lLRa is 1ndeed.¢0fmear
:by elecbron capture in the fact that the abparent half TLfe o ne 7 136 MeV *5
peak observed at a 9O-Mer160 Deam energy is 8 sec,bthe same value ootaLned
for the ?lhAc peaksiat-?.212,_7.Q80,-and’?,OOO‘MeV1. Heueevat thisfbeameenergyﬁl'.

+ Ra ‘1s in equilibrium with its parent. On'the other hand when we raise the

: | : : Copal T L
beam energy to 115 MeV the lﬁRa;peak has a composite decay curve with 2.5- and . ‘

8 sec components

v The a—decay daunhtervol /ej'h.l.&‘c‘:‘n'_s".2 Tr Wthh emﬁts 6 )AE VeV o par-;"u
ticles. In fact, O Dartlcles of . uhlS enefgy are proanent in. our speetra
‘but the ene gy resoluulon o|vour detector 'was not suff1c1ently good to
sepafateeshe contr 1qu10ns of . 210 Fr,and gl“Fr.. Hence we cannoz mahe a cleavffufr“
cut statement of the relatiouship of the %Ac-apd 2lOFr act1v1ty ,

The relatiuemiutensities:qf sheielhAc peaks are: 7 212 MeV s2+2%

7.080 MeV hhtE%zvend'7.000'MeV h+1%. This complex structure can be taken as:
additionalvevidence that our mess as51gnment 1s correct, 1f wevnote the facff'ﬁ:::
: that 21MAC, QIERa, 12 21]'Em and At, all nuclides w1th 125 neutrons,v:”x”
'have a roughly slm“Lar pattern of complex st ucture whereas all the llghter:f;.s
nuclel of these elements have only one premlnent o gfouf -
v An estimate of the EC/c ratio of 21LLAc can be made ffem the ratlo of
'ugl%Ac and Ql%Ra a-actiVity in theAQOBTl + 160 reaction at beamvenergles of

.90 MeV or less. The vaLue obtalned corresponds to an uppe* llmlt of l“+3%

- E - i S
~for ele tron. capture brancnlng of el Ac and to a lower lrmlt of 89+5% for .

the O branch. These l*mlts a?e probably not far from the ttue values
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Act1n1um.215 ang. Actlnlum 212 uxtrapolatlon of the trenas 1n a- .:‘1;u.ffﬁ<ﬁﬁﬂ

Yoo

',deeay energﬂes observed for. several near- by el ements (see Flg ll) to une'-i"‘

_v'-1so+opes o; actlnlum leads to a- predﬂctlon of nearly s1m11ar a energles for ::L;.LT '
'~213Ac and 212Ac at about 7 56 MeV
There 1s a peak 1n uhe a spectra in Flgs 2 h wblch we atterute to ";

212
215Ac w1th an energy of T 562 MeV o _l Ac W“th an. onergy of 7 )77 MeV or

to a mlxture of botn dependwng on the reactlon system and bhe beam ener y

- Lhe exc1tatlon furctlon of the combosrte peak appears 1n ngs and 7 lO§

Iprere are several reasons . for bellev1ng that the eyc1tatlon functlons 1n'

15 12" o

5-r1gs 5, 9, and lO comprlse a mlxture of Ac and

L 213

One argument for the presence of

Ac 1n the 7 36—MeV peak is. LH
vfact that the act1v1ty beglns to be produced as the energj of the beam 1s
; rlncreased beyond that favored for the productlon of 2}%A¢;?€if_%%3Aéfpereptb
g , sole cortrlburor to the observed peak the. & cnergyﬁand‘baif 11fevsooeld‘reme1r7
uh° seme under‘all coneltlons | But there is. a clear shlft 1n the energy of
- the observed Kot peak as the.beam energy is changed in a. serles oF rans rn-i

flwnlcn the energy scale Was‘carefully and repeatedlybcallbrebed bbe eberg}‘of‘:
',{thls ac t'nium peak was'oetermlned to be )62 MCV When’lt was prepared w1tn
':_99~MeV 2ONe 1ons op gold targeus)ana 7 577 NeV when 1t.was prepared dlth |

122-MeV ~ "He 1ons We as51gn these energles to : Ac apd Ac, respectwvelb.

21 S e
Tne halr llfe of - 5Ac was determlned by measuremenus of Lhe ecay_-~

S oits 203 s 16 T e
of its O pe V in samples prebared by uhe TL + 70 reactlon'at'a.beam_;5

2’1 ‘ '
enerﬁy of 10) BeV wb11e Lhat for Ac Wwas- determlnea for sampres Drep&red
. at a beam energy of ljﬁ MeV values of O 80*0 05 and 0. 9)+O 05 sec, respectlvery, P R

“’were obta;ned ’fffﬂ” ’§':gl;ﬁf;‘ “f.‘ S 'f";[* ;gi'
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- 209,208

Fufthermore the bread maximum in the

197

. . 2 )
au + e reactions (Fig. lO) is most prooably a reflectlon of

the formation of these"lsotopes from a;decay-of’g} Ac and,gleAc.' An argu-

Fr peak centered at 118"

MeV in the

ment can also be made from theibeﬁaviOr of the composite ng’gllRa peak in
Fig. 9. 1In samples mede af a 2ONe‘beain energy_ef lEM_MeV aheenergy.value

of 6.896 MeY, equel te out published ValueefervngRa,was obtained. However,?”v
weecennot-rule out;thevpoesibility of‘substantial\formation of'El?Ra via thé.,'"

H(QONe,p bn) reaction.

Actinium-211 and Actinium-210. The unknown O peak which appears in

_ o . | - 1 ‘ ‘

- our spectra at about 7.48-MeV,can-be assigned to l;Ac and glOAc. The
ystematﬂc trends dlSpWayed in Flg 11 showithat it isureesonabie to expectb-

’uhese isotopes to. have nearly the seme a—partlcle energy and the follow1ng

pieces of evidence help to conflrm this choice.

'First,'We can be sure that this activity has a;mass'number less than _‘.'

203 16

212 because it is formed at higher excitation energy in the TL + 770 and

v_197Au + QONe Systems than required to produce the-QlB’eleAc-dQuble peak
‘ (Figs. 5, 9, and 10). In.keeping with.this,thee7.h8-MeV peak did not appear -

205 16 209

in any of our spectra for the TL + 0 or Bi + va systems because in

these cases there was not enough excitation energy, even at full beam energy,

o1 : L ; .
- to make lijc in appreciable yield. ©Next, we noted a definite shift in the

“energy of the peak and in its half-life as the beam energy was changed. In'f.w

e . =4 2 . . 'v . - ) .
- the lg‘Au'+ ONe system when we prepared the activity with lEM-MeVngoNe ions, -

the o energy was 7.480 MeV. Thie energy we assign o Ey;Ac. When we ﬁsedvv'
0 1k5-Mev 2ONe-;'Lons the~a-energy of ﬁhe unknownvpeak wasn7.h62vMeV’which we.
essign to'QlOAc.' We made_duplicete‘measurements 5f thevheifelifevferethe
7.480-MeV activity_?rbdueed at a beam energy of i2theV end:obtained the»:

value of O.ESiO;Oi sec. At beam energies ofvlh5 £0'l55 MeV we obteined the

averzge value 0.35+0.05 sec.
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. 'The'nehavior c}»thé'fadiﬁm isetopes-provideé:adaiﬁionelvsupport.' We
belleve the maJor frectlon ef the mlxed 212 211Ra peak and the 210’209Ra
: ﬁeaksnln Flg,_9 ,are.repreeentatlve ef;production from the'electron-Capturel
decay of'acninium parent acﬁivities, aithongh ye,eannot:rule out independent'
- production from:(goNe;pxn)'reaetione. With careful energy’caiibration we
:can dlstlngulsh whlch radlum 1sotope is predomlnant in each of these mlxtures
 prepared at a given bombardment energy;: A.v Ne energy of 132 MeV, 211Ra B
'-1s predomlnant in tne ale 2llRa mlxture, whlch is con51stent w1th the idea
S that 211Ac‘is closevto,lts peak.productlon at that-energy. The energy of

210,209

the observed peak for the Ra mixtnre undergoes a steady,shlft from

7.018 MeV (correct for 21ORa) to '7.008 WeV'(eerect for 209Ra) as the‘goNeﬂﬁ"
.'beam energy is varled from 130 to 165 MeV.

197

0. : : . : : -
Au + " Ne. serles of experlments, we observed.~

_ Actlnlum-209rg'In “the
en o aetiviny with 7.585-MeV -energy and_a O.lOi0,05 sec half-life’which we‘:
assign to “Ac. A speetrum_éhowing this o peak is presented in Fig. 12 and
' the excitation function is shown in FigS; 9 and id. vThegmaximum yield occurs
at 2 hlgher beam energy than that requlred for productlon of the comp051te
A peak. Thls is reasonable ‘but not conclu51ve proof for the a581gn—
I‘ment of the 7. 585 MeV peak to 9Ac. In addltlon, the behav1or of the com-

09 2lORa curve is consistent with this mass:assignment.. Finally, an . -

. p031te
energy of 7.585 MeV'for . 9Ac flts well w1th the expected systematlc mass- ;frn’

fenergy behav1or as . exhlblted 1n Flg ll
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Iv.. biSCUSSION OF FRANCIUM AND RADIUM EXCITATION FUNCTIONS
Francium isotopes can be produced in these reactions in at least two
ways. While the major mechanism is the & decay of actinium parent nuclei,
there is considerable evidence for formation by another mechanism. We call

attention to particular features of our data which require this conclusion.

15

5 | o ’
For example in the O 4 16O reaction (see Fig. 6), 20, s produced in

high yield at a bdmbarding energy of 80 MeV just above the barrier. This

215Fr cannot be formed by o decay of 217At because the compound nucleus

219Ac, has about 38 MeV of excitation energy—far too much for the emission

of only two neutrons. It i1s not clear wﬁether_prompt ¢ emission from the

compound nucleus resulting in‘the production of 215Fr'is a competitive form

. of "deexcitation of.the compound nucleus or whethef'the o pérticle.is released
in a direct surface reaction. In the case of ““2Fr it is possible that the

shoulder on the curve at T75- to 80—MeV bombarding energy represents produc- ..

218 16

tion from the o decay of Ac, but the main vield at 95- to 100-MeV ~70-

energy cannot come_ffbm this reaction.
211-210

Switching our attention now to the Fr peak in Fig. 6, we note

that the main yield .occurs close to the barrier energy. This is quite in
keeping with the fact that 215Ac‘is made in high yield at this bombarding

‘energy and produces EllFr by O decay.‘ We'alsp bélieve that in the beam

| b -
energy range 90 to 110 MeV where 2L Ac has its maximum yield that lOFr is-

211-210

. 2 . ) N
made in O decay of luAc. However the Fr yieldvdrops off only slowly

at beam energies above this range, probably because of direct production.

Another example of contributions to francium yield from two mecha-

16

‘nisms occurs in the 212Fr yield curve in the 205Tl + 0 reaction (Fig. 7).



. This curwe appears to have a DrlnCLOal maylmum at bombardlng energy oL--f*-7'

',88 MeV : as well as a second maxmmum ‘at 118 MeV The flrst s at tne rlgnt

'vstudies

o

' uecondery maxxmum at a bombardlng energy about 20 MeV hlgher than the marn:j"”d"

dlnterestlng features.“ In most cases 1t 1s llkely that tqe radlumlwsotopes

iWhen the peaﬁs of the yﬂeld curveswfor radrum and actlnlum_ﬁsotopes”occﬁrv
;:at uhe same bombardlng energy;,thrs is presumed todbe true.although it is’
'v:also possible tha one proton 1s evaporated 1n themdeexc1tatlon frocess
rleading to formatlon of radlum wrthout the electron-capture decay llnk..“fﬁis

becomes most 11kely for reactlon in whichvmore"than three-or;four_neutrohs_g
the binding. enerby of the neutrons LS rncrea51ng, and thc'bﬂndrng ene gy of

yield would:occur ra her close to. that for a (Hr,(xrl)n, reacblon..

cTea 1y dep arts rrom lu at hrbher beam enorglc ‘"r)}*'.fi:

:1u-fid:¢if”;f:4f7'“ffff” U“RL 17405

@

' 21
energy £6 1nd1cate formatwon by o decay from 6Ac, whlle the second r'lear_i_y

cannOt‘be_attributed-to,this,"gﬁ : L
] These observationsuare'ih*accord withfthe fact_noted.in.our~preVious#’

5

that the yleld curves for +he a decay daughter 1sotopes have a i;fvff;f

: In the Case7of'thefradiumfyield'curVes,Wé‘canLalsofboiﬁt'to somef

v

are produced by erectron capture oecay of the»correspondvng actlnlum 1sotope.

are evaooraued where the stat Suzcal chance of proton eml smon 1s 1ncreasrng,»

is : S
protons/oecreasrng to verJ low value The peak for L (HI pxn) reqctlon ERAER

O9Bi %.;?

e LT

L - ] 21k
A °tr1krng radlum yreld curve is une one for Q Rﬁ ln the

- ~ el
case as dic 3ea in FLg 8 As explalned 1n the l Ac dlSChSSlon (Sec..II

12 21k 2 Lo
atc a C eﬁergy oelow 105 MeV h Ra yleld 1s llnked uO L Ac,_b

’f.. - [

X

i
)
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In recent yéars theoreticalvdiscussions of the statistical model

treatment of compbund nucleus deexcitation have shown a growing aware-
ness of the role of angular momentum upon thé evaporétion of prdtons
and alpha particies in competition'With neutrons and y rays - in the

geexcitation of muclei. "B

The anomolies apparent in our francium
and radium curves may be a reflection of these angular momentum effects.
Since these results come as a by-product of the identification work on

the new actinium isotopes and were not a main purpose of the research,

we do not discuss them further here; but we hope to give them more

attention in the future. As a supplement to any future work on this

problem, it would be extremely useful to carry out difect measurements

) on the properties of protons and alpha particlés'emitted in these

reactions.
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Table I. DPresent results compared with previous. r

8.7854 MeV,

O-energy standards were used:

12p4

.:_17_

6.8176 Mev, 2L11Bi 6.6222 MeV (Ref. 13).

orts.

57

UCRL-17405

Following. _
2Po  7.38L1 MeV, 219Rn

b)

This peak is probably complex.

This work Grifficen and Macfarlane -
(Ref. 6)
Isotope Alpha'energy (MeV) Half-life (sec)| % | Alpha energy|Half-life| %
: - ' (MeV) (sec)
216, 9.1uio.053) 0.39£0.03 msec™
I~ . , - . .
20 7.602+0.005 0.17+0.01
21k ~ '
Ac 7.212%0.005 8.2 #0.2 522 7.24 12 3%
7.18 12 3%
7.080£0.005 8.2 0.2 Mo | 7.12 12 |33
7.00010.015b) 8.2 £0.5 b1
213 , . | ' ,
Ac 7.%62+0.008 0.80+0.05 7.42 ~1
212y, 7.377+0.008 0.93+0.05
2llpe 7.480:0.008 | 0.250.05
210 7.462£0.008 | 0.35£0.05
O . ‘ . .. e
209 7.585:0.015 . | 0.10£0.05
2105, 8.70 +0.02 8.7 1.6 mse
a) : 216 -
Values for Ac  come from the work of Rotter, et al. (Ref. 7).
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" FIGURE CAPTIONS | |
Fig. 1.. Scheﬁétic.diggtémvof*;mproVed-apparatﬁﬁffcrirapidvcoiiection of
recoil actiVity,t:Fof3197Au'+ 2oNe reaéﬁions«thé{foiléwing Vélueé were -
used:  chambéf‘de?£h:ffém'térget to back ﬁindcw'j,6bcm,.;bsolﬁte helium
pressure l.?_atm,vhéiium flow rate 90 cm?/sec. For'other'feactions tne
helium pressﬁré ﬁés varied tb obtain maximum yields.
i.. Fig. 2. - Three a spectra showing actinium, radium,.&nd francium activities

)219-xAc reactions. At 91-and 112-MeV beam energies

from the 203Tl(l60,xn

the beam current, 0.25 HA, was integrated over the méasuring time, “about

l7.min, to the.same'total in both @easurements. At.ig5-MeV beam erergy

the measuriﬁg time and the tofal integrated beam were doubled; the «

enérgy scélé'was also different. Two catcher folls were flippea between_-:f

alternate COliectioh.and méasuring positions at the rate. of twice per |

second.  These spectra and others, all taken with theAneW fast apparatus, .
©.. were used to_éoﬁstruct the excitation functions shown in Fig. 5.

Fig. 2. Alpha spectra showing‘actinium; }adium, and francium activities

from the 209Bi(lec;xn)2?l'xAc reactions at three beam energies. The
beam current © . was integrated over the measuring time, 6 min, to

the came total in each measurement. Two-catcher foils were flibped
between alternate collection and measuring positions at a rate of once
per second. These spéctra.and others were.used to construct the excita-
tion functions shown in Fig. 8. The originai apparatus was‘used.

Fig. 4. Alpha speqtra,shOWing actinium, radium, and francium activities from

.1 20, \21l7-x
the 97Au( Ne,xn) f
0.3 uA, was integrated over the measuring time, about %6 min, to the

came total in each mezgurement. Two catcher foills were flipped betwveen

Ac reactions at three beam energies. The beam curreént,

T,
T

"

s+ i vt b+ o

ey =
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Fig. 4 (cont'd) |
alternafe collection:ana'meaeufing nositions at the rate_éf twice per

second. The:original a?paratus was used. -

Fig. 5. Excitation functions_for.the ectinium isoteﬁes frodueed in the -
205T1(16O,xn)219_er reactions. The measuremente_were run with thernew
'fast.anparatus'from'lew t0 high beam energies“in two different eets of.
eyperimentS' one exfended from the ”oulomn barrler +o 121 MeV, the
other from 11% to 159 MeV. Each point corresponds-to the same total
integrated beam current, 0.25 pA during about;l7 min;:ana the interval
between successive measurements was h'te 7 min. The second maxims
came from the ll 8% 2055y present in the target.  Theknominei Coulomn'
barrier from a simple tangent spheres.estimate.ie h MeV.l See the |
.caption of Fig. 2 for;mofe‘details. »

Fig. 6. Eiéitation functions of radiun and franciuh eetivities érodnced ""f"H
in the 205‘1’1( )219 XAc reactlons See the captions of Figs. 2

and 5 for deta'ls

ig. T EACLbathﬂ funcmlons of ac nium.mradium,:and”ffancinm activitiee
nno“uced in the _‘5 (16 0,x ‘)gpl “Ac reactlons Tne experlments were

run from low to high beam energles Wluh B-to M-mln 1ntervals between -f

measurements. The beam current O h uA, was Lnuegrated over the mea-

suring time, about l) min, to the same . uotal in each measuremelt Tnp

catcher foils were flipped between alternate_eolleetion and measuring v

po ions. at. the rate of tw1ce rer second . The original apparatus

© was used.




Fig.

20~  UCH- 17ho5
8. Exc1tat1en functlons.of actlnlum; radium;vand fran01um act1v1t1es
produced in the 209B1( xn)ggl *pc reactiOns. The experiments were
run with the orlglnal apparatus from hlgh to low ‘beam energies with
j-mmn 1ntervalsjbetween the measurements. See the captlon of Fig. 3

’fcr more'detaiLSL The nominal Coulomb barrier from_a'simple tangent

. spheres estimate is_58 MeV.

measurements. The beam current, 0.8 pA, was integrated over the mea-

9. Excitation‘functipns of actinium,'radium, and radon activities .

produced in the l-9_7,.L\.-u( ONe;xn) -2y, reactions. The experiments were

run from high,to low beam'energies with 5- to 7?min intervals between'

suring time, about 35 min, to the same total in each measurement. Two.
catcher foils were flipped between alternate‘ccllection‘and measuring =
positions at the.rate of twice per second. The new fast apparatus was

used. The Coulomb barrier from a simple.tangent spheres estimate is

”88 MeV.

Fig.

produced in the

. Fig.

10. 17yc1tatlon functlons of actlnlum, franc1um, and astatlne act1v1t1es*’

197 u(QON e,xn )217

Ac reactlons See the caption of
Fig.’9 foradetails.
11. Alpha energy vérsus neutron number for isotopes of different

elements below 126-neutron shell and above 827prot6n shell. The solid

circles indicate energies assigned to ground;state [ decay. The crosses -

Fig.

represent‘a energies assigned to'iscmericvstatesi The cpen circles are
o] transitions-to‘excited levels at the daughter nuclei (o fine structure).
20
12. Alpha spectrum show1ng the' 7 585-MeV group of 9Ac from the

97Au(-EONe 8n) O9Ac reaction. The spectrum was obtalned'by adding

together two spectra recorded at 146- and 153-MeV beam energies,
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Fig. 12 (cont'd). respectively. The spectra were two of those used in the

construction of the excitation functions shown in Figs. 9 and 10.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








