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ON-LINE a SPECTROSCOPY OF NEUTRON-DEFICIENT ACTINIUM ISOTOPES* 

William J. Treytl~ Earl K. Hyde, and Kalevi Valli 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

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

Ion Linear Accelerator by bombardment of 209Bi with 12C, enriched 

and with and 197' Au with 
20 Ne. Silicon (Au) surface-barrier 

~ 

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

Mass number assignments of through were made on the basis of 

excitation functions, genetic relationships with radium isotopes, and systematic 

trends in a-decay energies~ Half-lives and a-particle energies were determined. 
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I: INTRODUCTION 

In a. series of previous investigations we have studied a-decRY prope:rtiE,lS 
, 1 . 2 

of neutron-deficient isotopes of polonium and astatine, radon, franciuJll; 3 

, 4 
and radium using on-line techniques at ,the Berkeley Heavy Ion Linear Acceler-

ator (HILAC). In this paper 1>fe discuss the extension of the i'lork to the light 

isotopes of actinium about which little is known. 5 The only available experi­

mental information is an unpublished study of Griffioen and Macfarlane6 in 

21l!. 213 
which 0: energies and half-lives were determined for 'Ac and Ac) and a 

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

In the present study a number of new 0: groups were fOund among the pro-

20 16 
ducts of gOld; thallium, ano. bismuth targets bombarded vTith Ne, - 0, and 

12C; respectively. These new activities were aSSigned to the actinium isotopes 

209Ac through 215Ac , and half-lives and accurate 0: energies were determined for ... 

them. 

The neyT information is interesting in its own right and is valuable in 

connec·tion ,.,-1 th the method of closed 0:-$. decay cycles for improving and ex-

tending estimates of atomic masses) 0:- and $-decay energies, and neutron-and 

proton~binding energies.
8 

The present data are useful as a preparation for 

the study of isotopes of thorium and protactiniuJll), because light actinium 

isotopes occur B...'llong the decay and byproducts in such studies. The information 

is also important in connection vrith experimental a,ttempts to prepare new iso-

topes of elements beyond atomic number 100 by reactions .. induced by complex .. 

nuclear projectiles (heavy ions) because traces of le<l:d or bismuth j,n the tar~ 

get material can cause the formation of 0: active isotopes of many elements 
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in the group betT,{een lead and tho:rium. , 

.... '. 

' . . ' ,,;. ': 
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'. ~ '. 
" ;,,~: ... ' '., "..' " 

'", .' . ;" : .. 

Our experimental tech~iqu.~:~vas similar 
" -;. 

, , 
" ~ 

from a ,thin target were ,SlO""~d 'doimto: thermal energies ,inaheiium atmosphere'" 
"',/ ,", ":) ~. (' " . 

and svlept th~ough a~m~ll liozzleo~to a catcher ':f6il in an adjacent vacuum, 
'. ' .', . ~, . . . . " : ,,', /' 

", ',: 

chamber. 'The productS,thus deposited werethenpositioned'wfthin<about 0.1 sec 
, .' " . - ,., .'~' 

.~.... ", ," 

infront of a Si(Au)~urface-barrier detector. ,Small amounts of a~tivity ,';ere.; "., 
,t, . ::,< 

collededon the catcher foil,friless 'than 50 msec while' the collection • tim~.' 

for the rr,ajorpart was of t.he order ,of seconds. ,Ina:typieal.e:X1)eriment,re~ , 

coil acti vi ~yvras. alternatively collected for a fraction ,of a: second and. counted" "', 

for the sru;;.e period" Withth~ cycle 'repeated over aperiodof:5, t~40min. :,' i' ,,' 
, ' . ". . . . .' ." .' _. ,. " 

.,' . 

The apparatus, ,electronics" an~'t~e'special ene~gy calibra:tion method are, 
~ , 

. ~ '.'. "'<~< .. 

0.. 'b 0.. ' , ..... 1 1 'escrl e ,lD a. ,prevlous ar "lC e., The energy standar.ds, us'edto calibrat,e the" 
f .• : ~' 

a spectra are given in the heading, of Table I~ ..... : ' 
" 

. '-'. ;: :,,-

After.. many sets of experiments had been completedW:L t4this apparatus)". . '~ .. 
" . 

it became clear' that more satiifactory results, could be obtained with a re-' 

designed apparatus ",lith a,shorter collection time. Hence we built the appa-

ratu3 sketched in Fig. L, The't,vo essential changes consisted in a great ': : 

, reduction in the volu,'Ue of the helium-filled chamber and the introduction 'Of ',' " ''':; ,"" 

the helium at the top of the ,chamber through a double, thickness 'Qfelect:i:'ome~ll 

grid vhich removed some' of the turbulence from the heliu.'U flow and served to,: 
. ," . ~ 

", .;'" 

~. . ~ . .... -" '~" 
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direct it in a more linear path toward the' nozzle at the bottom. The,conical 

beam entry arm of the chamber was made in several sizes and tested in a 

series of experiments to determine which size would give the highest yield for 

the activities with less than 0.5-sec half-life. Marked improvements in counting 

rate up to a factor of 10 or more were obtained. From the dimensions of the 

chamber and the helium-flow rate we compute that it requires 0.3 sec to re-

place the gas in the complete chamber volume. 

We indicate in the figure captions-and the text which data were taken 

with the old and which with the new apparatus. 

_The reactions used in the study were 

197A '(20N )217-xA u e,xn c 

203Tl(160,xn)219-XAc 

205Tl(160,xn)221-XAC 

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

2.5 mg/cm2 leaf. The thallium targets were separated 203Tl and 205Tl (88.2% 

203Tl, 11.8% 205Tl and 99.0% 205Tl, 1.0% 203Tl, respectively, according to 

-the sUPP:l.ier, Oak Ridge National Laboratory) evaporated on 2.3 mg/cm
2 

nickel 

foil. The thickness of the 203Tl target was about 0.8 mg/cm2 and that of 

205Tl about 1.0 mg/cm2• The bismuth target was 2.26 mg/cm2 natural bismuth 

evaporated on 1. 92 ~/ cm
2 

aluminum foil. 
, . 20 . 16 

The maximum beam energy was 208 MeV for Ne, 166 MeV for 0, and 

-125 MeV for 12C. Lower energies were obtained by inserting stacks of 1. 72 mg/ cm
2 

·1 aluminum absorber foils in front of the target. The range-energy relation-

ships of Northcliffell,12 were used to' calculate the energy retardation in 

the absorbers. 
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The yield versus beam energy curves were measured starting at the 

Coulomb barrier ,and progressively increasing the beam energy until the 

maximum energy was reached, or vice versa',' starting at full beam energy and 

ending at the barrier. The total integrated beam current was the same for 

all runs. The' measuri'ng time was' typically 10 to, 30 min and' the interval, 

between measurements 3 to5 min. 
, , 

,In separate experiments half~lives of individual a peaks were de-

termined with the techniques olltlined in a previous article. 1 

, III.' RESULTS" 

" 
" , A. Experimental < Data 

The actinium isotopes studied in this work were farfromi3 stability 

and had large decay energies for electron capture and a decay~ Accordingly, 

:', " 

.'"5 

" the half-lives were short; of the same order of magnitude as the collection '. 

time of our apparatus,' or shorter. Particularly in the experiments performed, 

with our original chamber most of the actinium recoil nuclei decayed in 

flight before being detected, which made the daughter activities and other, 

,products of the nuclear reactions much more prominent than actinium in the' 

spectra. Noncompound-nucleus reactions appeared to cdntribute more to the 

yields of the daughter activities than in our previous studies of elements 

below actinium. Hence our measurements on the actinium a peaks were useful 

,,:for a-energy and half-iife determinations and for assignment of the activities' 

to isotopes but not for the estimation of cross sections or branching ratios 

fora decay and electron capture. 

\', .. , , 

, .. 
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Figure 2 shows ex spectra obtained from the 203Tl + 160 reactions at 

three beam energies. Figure 3 shows three spectra from th'e 209Bi + 12C 

reactions and Fig. 4 shows four spectra from the 197Au + 20Ne reactions. 

Besides these spectra additional ones were taken at many other beam energies 

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

excitation functions of the actinium ,isotopes 'from the 203Tl + 160 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 

and 209Bi + 12C reactions are given in Figs. 7 and 8, respectively. The 

197 20 . ' .' Au + , Ne reactlons requlred two figures: the yield curves of actinium, 

radium. and radon are shown in Fig. 9, those of actinium, francium and 

astatine:, are presented in Fig. 10. The curves in Figs. 2, 5, 6, 9, and 10 

were obt'ainedwith the fast apparatus, those in Figs. 3, 4, 7, and 8 with 

the original apparatus. 

B. General Comments on the Data 

In general the excitation functions of the activities we have assigned 

to actinium isotopes have the shape typical for compound nucleus reactions. 

In a given reaction each ex activity has a beam energy at which its yield is 

a maximum and as the b.eam energy is raised above this another product rises 

in yield. We cannot rule out some distortion of our experimental curves re-

sulting from unknown factors in the collection of such short lived activities. 

Since the mass number of the compound nucleus varies from 217 to 221 in the 

four t~rget-projectile systems the maximum yield for a given product naturally 

occurs at different beam energies, but the order of excitation of the products 

stays the same. These considerations make it possible to make a preliminary 

association of mass numbers 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 the actinium isotopes 

with the curves. forthe~lectron..;capture daughter.products(~adium activities) . 

and the a-decay daughter products (francium isotopes) •. Conclusions from 

the comparison of these curves must be made with some caution owing to a 

difficulty which is explained with the aid of Fig. 11., In this figure the 

a-disintegration energy is plotted versus neutron number for several elements 

in the mass number range in which our products lie. The topmost curve includes, 

.ournew data on actinium isotopes with the assignments'as given below. A 

., striking feature of this figure is the step-effect. Neighboring isotopes 

have closely sim:i.iar a energies (and often closely similar half-lives) so 

. ~ ." 

that it· is difficult to distinguish the two within the a energy and time re-
, ~ 

solution of our methods.; Hence several oftheexper,imentalspectra and !excita~ 

tion functions of the francium and radium daughter peaks are composite and it ',' 

is not obvious which mass number to associate with the daughter and hence 

which mass number to ,attribute to' the actinium parent. To complicate matters,. 

the form of several of the· yield curves for the francium isotopes is ,s\,lch as 

to suggesf some direct production via reactions of the (heavy ion, a:xn) and 

(h~avy ion, pxn) types~ Our comments on these matters are collected in 

", .' Section IV. 

.. ~ . "'. 

However, we believe we can make definite masS assignments to the new 

actinium activities on the basis of the arguments outlined in the section 

which follows. A summary of ourassigrrments is given in Table I where they , ' 

are compared with the unpublished results of Griffioen and MaCfarlane.
6 

The 

quoted errors are conservative limits covering the total spread of several 

individual measurements and are substantially greater than the statistical 

, uncertainty. 

~. . 

" 
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C. Evidence' for Specific Mass Assignment 

Actinium-215. From the observed regularities in the a-decay pro-

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

isotopes (see Fig. 11) one expects the isotope 215Ac , containing 126 neutrons, 

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

energy and 0.17±0.01 sec half-life was observed in the 203Tl +160, 205Tl + 160, 

and 209Bi + 12C reactions (see Figs. 2, 3, 5, 7, and 8). 

The shape of the excitation function for the 7.602-MeV a activity in 

the 203Tl + 160 case '(Fig. 5) is p~rticularly good evidence for the assign-

, 215 
ment, to Ac. The maximum yield occurs at 83-MeV bombarding energy, 9 MeV 

above the Coulomb barrier, and rapidly decreases at higher energies; the 

, ,'205 
second maximum is caused by the 11.8% Tl in the target. At a bombarding 

energy of 83 MeV, the excitation energy of the 219Ac compound nucleus is 

'43 MeV, which is reasonable for the evaporation of 4 neutrons. Evaporation 

of only 3 neutrons would result in the formation of 216Ac which is known 

from the work of Rotter et a17 to have an a energy of 9.14 MeV and a half-

life of 0.39 msec. 

If the 215 mass assignment is correct the '7.602-MeV a group ,should 

not appear in any spectrum ,from the 197Au + 20Ne reactions because the 217Ac 

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

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

in these spectra. The new activity has its maximum yield in the 205Tl + 160 

"reaction (Fig. 7) for a beam energy of III MeV and in the 209Bi '+ 12C case 
, 

(Fig. 8) for a beam energy of 99 MeV corresponding to excitation energies 

221 ' 
for the Ac compound nucleus of 67 and 66 MeV respectively, which is rea-

sonable for the evaporation of 6 neutrons. 
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The (x-dec'ay da~ghter' of 215Aeis 21~rwhich ,emits dparticles of" 

6.533-MeVenergy anci'3.06~min haif-life. An a activity with these properties , ' 

is prominent in the 'spectra but the observed activity '~sa composite of 

21l d 210
F 

.. , ' , -n an r activity, the latter having ana-particle energy of, 6.542 MeV,. 

ana" 'Z 18 ' 'h lf '1' f ' 3 ' ) . -mln a - l e. ' 

The electron-capture branching of 215Acto produce 1.6-msec 

215Ra (Ea = S. 7 MeV) ,6 is expected to be small. In a long run with the fast 

apparatus USi~g the 203Ti +160 reaction at a 80-MeV ion energy, we observed 

a weak a peak at 8.70±0.02 MeV. If we attribute this a group to ,215Ra, we 

obtain an electron-capture branch of 0.09±0.02% for 215Ac., 

Actinium-214. ' In an unpublished study of the products of bismuth 

,bombarded with carbon, ions, Griffioen and Macfarlane 
6 

found evidence for 

, , '214 8 4 ' , 
a groups of , Ac with energies of 7.12, 7.1 , and 7.2 MeV and a half-life' 

of 12 sec., These probably correspond to the peaks at 7.080, 7.136, and 

7.212 MeV visible in our spectra in Figs. 2-4. In addition we see a small 

peak at 7.000 MeV .. From the shape of this peakwe suspect that it is composed 

of two groups differing in energy by 10 to 20 keV. 

The excitation functions of these four peaks are shown ,in,Figs.5 and 7-10. 

The similarity of the curve's'for;the peaks at 7.212, 7.080, and 7.000 MeV 

"': makes us conclude that they are associated ,with a single isotope. The maximum 

yield occurs atbombafding energies which are reasonable for the 214Ac 

assignment in the four r~actions studied. For example in Fig. 5 the peak 

yield occurs ,for 94..;MeV 160 corresponding to 52-MeV excitation of the,219Ac ,:'. 

compound nucleus, 'a reasonable excitation'for the evaporation or' 5 neutrons. 

7 '136 ,,214R h' h ' f The peak at '. MeV can be asslgned to a w lc: lS known rom 

4 
our previous work to have an a-particle energy of 7.136±0.005 MeV and a 

" .... 
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half-life of2.6 sec. This activity appears in our· spectra partly because 

2i4' . . 
of its formation by the electron capture of Acand partly by some clired 

process. At the peak of the excitation functiorr for 214Ac in the 203Tl + 160 , 

214 
case (see Figs. 5 and 6) we have' strong evidence, that Rais indeed formed 

by electron capture in the fact that the apparent half-life of the 7.136 MeV 

16 
peak observed at a 90-MeV o beam energy is 8· sec; the same value obtained 

214 
for the Ac peaks at 7.212, 7.080" and 7,.000 HeV. Hence at thisbea.menergy 

214 . . 
Ra lS In equilibrium with its parent. 

. . ,- ." : 

On the 'other hand when we raise the 

214 . 
beam energy to 115 MeV the . Ra peak has a composite decay. curve with 2.5- and. 

8-sec components. 

214'210 . 
The a-decay daughter of Ac is ,Fr which emits,6.542-MeVa par-

ticles. ,In fact, a particles of this energy are prominent in our spectra 

but the energy resolution of our detector .ras ,not sufficiently good to 

t th t · b . . f' 210F d 211,;, H ' . 'ak 1 '. separa e e can rl U:Clons 0, r an . .l·r. ence wecann01J m -e a c ear 

cut statement of the relationship of the 214Ac ' ancl 210Fr activity. 

The relati~~'intensities of the 214Ac peaks are: 7.212 MeV 52±2%, 

7.080 MeV 44±2%, and 7.000 MeV L~±l%. This complex structure can be taken as 

additional evidence that our ,mass assignment is correct, if we note the fact 

that 214Ac ) 213Ra , 212Fr , 21~, and 210At, all nuclides with 125 neutrons, 

have a roughly similar pattern of complex structure I-Thereas all the lighter 

nuclei of these elements have only one prominent a group. 
'. ' 214': 

An estimate of the EC/a ratio of Ac can be made from the ratio of 

214.Ra ' . 203 16·· '.' . '., , : 
and . a activity in the Tl + ° reaction at beani energies of 

90 HeV or less. The value obtained corresponds to an upper limit of 11±3% 
, '.' 214 .' 

for electron capture branching of Ac and to a lower limit of 89±3% for 

the a branch. These limits are probably not far from the true values. ' 

, c,-

" 
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. ACtinium-213 and Actinimn-212. Extrapolation of' the 'trends in 0:-

. . 

o.ecay. energiesobseryedfor,several near-by elements (see Fig,· .1J.-) , to the' 

isotopes of actinium leads to aPr'ediction of neaily similar Genergies for' 
'''.~ ; :.'., : .. 

213Ac and 212Ac at about 7.36 ·MeV. 
,. ", \ . 

"; . ~ '. '.'. -. 

There is a peak'in the 0: spectra .in Figs',' 2-4 which we attribute to 
,'. . ~ -.; '. 

213 . 212 . 
Ac vlith an energy of ,7'.362 MeV, to Ac with an.energy of .. 7.377 MeV, or: 

to a mixture of both depending on the reaction system and. the beam energy .. 

The excitation function of the composite' peak appears irtF:i.gs; S'and 7~10~ 

.'., 

'" . 

There are several reasons: 'for believing that the' ex Cl.t ati on functions .in .,;. '-. :.' 
~ .J' ~ 

. ......... 213" 212· .. ' 
Figs, S, 9) and 10 comprise a,mixture of . AC.and 'Ac. ".: . 

. 1 .' 21}. '." - ',' .,.... .•. .~' 
' .. One argumeri:t for t~e.pr,esence of Ac in the ·7· 36-MeV peak is the" 

"' . 
. fact that the, activi.ty· b~gins,t'o' be producedas·'the. energy"ofthe beam i6/' 
." 214 ' . -. 213 -, '" " .. 
increased beyond that favore~ for the production:· Of , Ac.· -If. Ac were ,the 

sole contributor. to. the observed peak the 0: energy an9-h~lf";l:i.fEtSh~uld relnain'" ::,.~ 

the same under all- conditions. But there is a·clear·:.shift· in the energy of:', 

.In a . series~o-f; runs in, \-::", the observed 0: peak as .thebeam.,,~1fergy is changed. 
.. :--,'. i;.:. 

. vlhich the energy scale was carefully and repeated1;f' calibrated the. energy of···· .. 

this actinilli'Tl peak -viasdetermine¢i to be 7.362MeV,wh~n it ws.:s pre:p~red with 
, '. ~ " " .: 

99-MeV
20

Ne' ions o·~ gold targ'ets ~and '7.377 MeV when 'i t wa~pr:e:pa~ed;]i th 

, '~ 
., '., ~ 

... ~.-

213 '.' .... . .•..... ' •..... " .. ' " 
The half-life of . , AC'vias· c1eterrained by measurements of the ,decay 

.' . ...:.~ '. 207. "- lEl .:,; 
of its ex peak' in samples prepared by the ./Tl+ . 0 reaction 

'.',' , ,:' 

" 

"'::'." 
, .t, at abea"U. 

. . '. 212 .... 
energy of lOS 'l'-leV while .:tha~ for. Ac vTaS 'cletermined-for sa.'>nplesprepared 

' .. 
"', .. '.' , 

~'. . 

at a beam energyof~.134HeV; values ofo.80±0.05·andO.93±O.05 sec, :resp~ctlye;Ly/.: 
. ., . , ,. ~ '. . ~. '. '. , ..' . 

' . . - .~ 

were obtainecl, ,,~, 

. '. : ~. 

~ ",.' . '. .... ~ , ':i ':1-' 
'~: -l '. 

- -~. 

".,. .~ -- . .' ....... ~~ 
'.: " 

, ,".' 

.' ., 
. ',~ "'. 

". ' ,'" 

;', . 

.. 

- ....... 

(-: 
"'.' .. 

.... 

'i 
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Furthermore the broad maximum in the 209,208Fr peak centered at 118 

MeV in the 197 Au + 20Ne reactions (Fig. 10). is most probably .~ reflection of 

213 . 212 
the formation of these isotopes from 0: decay of~ Ac and Ac. An argu-

. 212 21L . . 
ment can also be made from the behavior of the compos~te 'na peak In . 

Fig. 9. 
20 

In samples made at a Ne beam energy of 124 MeV an energy value 

212 of 6.896 MeV, equal to our published value for Ra, "ras obtained. Hovrever, 

"e cannot rule out the possibility of substantial formation of 212Ra via the 

(20Ne ,p l.~n) reaction. 

Actinilun-211 and ActiniuJu-210. The unknown 0: peak .which appears in 

. 211· 210 
our spectra at about 7.48 MeV can be asslgned to Ac and Ac. The 

systematic trends displayed in Fig. 11 show that it is reasonable to expect 

these isotopes to have nearly the same o:~particle energy and the· following 

pieces of evidence help to confirm this choice. 

First, we can be sure that this activity has a.mass number less than 

212 because it is formed at higher excitation energy in the 203Tl + 160 and 

197Au + 20Ne systems than. required to produce the 213,212Ac double peak 

(Figs. 5, 9,· and 10). In keeping with this, the7.1.~8-MeV peak did not appear 

in any of our spectra for the 205Tl + 160 or 209Bi + 12C systems because in 

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

. 211 
to make Ac 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 

19'7 20 4 20 ; the IAu + We system when we prepared the activ.ity ,.]"ith 12 -MeV Ne ions, 

the 0: energy was 7.480 MeV. 211 This energy "re assign to .. Ac. When we used 

1~·5-MeV 20Ne ions the 0: energy of the unknown peak wa.s 7.462 MeV which we 

assign to 210Ac . We made duplicate measurements of the half~life for the 

7. ~.sO-HeV activity produced at a .beam energy of 12L~ MeV and o·btained the 

value of 0.25±0.05 sec. At beam energies of 145 to 153 MeV we obtained the 

average value 0.35±0.05 sec. 
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The behavior of the radium isotopes provides additional support. We 
"," '" 

believe the major fraction of the mixed 212,211Ra peak and the210,209Ra 
, , 

peaks in Fig. 9 are representative of production from the 'electron-capture 
. "" , " . 

decay of actinium parent activities, although we carmot rule out independent 

production from, (20Ne ,pxn) reactions. WHh careful energy calibration we 

, can distinguish which radium isotope is predominant in each of these mixtures 

prepared at a given bombardment energy. At a 20Ne energy o,f 132 MeV, 211Ra 

, d' t' th 212,21~ • t h' h ' 't t 'th t'h' d lS pre omlnan In e ' , ,na .mlX ure, w lC lS conSlS en Wl e i ea 

~, that 211Ac is close to, i'ts peak production at that energy. The energy of 

b d th 210,209 " , d ' d h' t the 0 serve peak for e Ra mlxture un ergoes a stea y,s If 'from 

, 8'" ( 210)' 8' ( 2,09Ra ) 20 7,01 M,,:V correct for Ra to 7.00 MeV, correct for as the' Ne 

, 'beam energy is' varied from 130 to 165 MeV. 

Actinium-209. In'the 197Au + 20Ne series of experiments, we obs~rved 

, an ex activity with 7~585-MeV energy and a 0.10±0.05 sec half-life which we 

·2°9 assign to Ac. A spectrum showing this ex peak is presented in Fig. 12 and 

the excitation function is' shomJ. in Figs. 9 and 10. The maximum yield occurs 

'ata higher beam energy than that required for production of the composite 

,211:-210Acpeak. This is reasonable but not conclusive proof for the assign­

ment of the 7. 585-MeV peak to 209Ac. in addition, the behaviQr of the com-

't 209,210R ' , t' t 'th th' 't POSl e a curve lS conSlS en Wl lS,massasslgnmen. Finally, an 

energy of 7.585 MeVfor'209Ac fits well with the expected systematic mass- " 

. energy .behavior"as . exhibited in Fig. 11., 

, . 
, " , ' 

\ 
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IV., DISCUSSION OF FRANCIUM AND RADIUM EXCITATION FUNCTIONS 

Francium isotopes can be produced in these reactions in at least two 

ways. Wnile the major mechanism is the 0; 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. 

For example in the 203Tl + 160 reaction (see Fig. 6), 213Fr is produced in 

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

213Fr cannot be formed by 0; 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 is not clear whether prompt 0; emission from the 

compound nucleus resulting in the production of 213Fr is a competitive form 

of dee xci tat ion of the compound nucleus or whether the 0; particle is released 

in a direct surface reaction. In the case of 212Fr it is possible that, the 

shoulder on the curve at 75- to 

218 tion from the 0; decay of Ac, 

80-MeV bombarding energy represents produc­

but the main yield at 95- to 100-MeV 160 _ 

energy cannot come from this reaction. 

Switching our attention now to the 211-210Fr 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 21~ and produces r by 0; decay. We also believe that in the beam 

range 90 to 
214 

has its maximum yield that 210Fr is energy 110 MeV where Ac 

made in 0; decay of 214Ac . However the 211-210F . ld' r y~e drops off only slowly 

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

Another example of contributions to francium yield from two mecha­

nisms 'occurs in the 212Fr yield curve in the 205Tl + 160 reaction (Fig. 7). 



. ". ~. 

This curve appears to .have a'pri'nc:Lpal rhaxirriumat a :bombarding energy of' " . 
.•.. 

.88 HeV as ~Tell'ELs a second maxinnim at 118 MeV. The first 'is at the right .. 

energy to indicate formation by' cCdecay from 2161\.c ~ vihile the second clearly" 
" 

ca...rmot be attributed to ,this. ':;, 
. ',' '. 

These o~')servationsare' in accord with the fact noted. in our previous 
, .. 

. ~ studies3 that ;theYield curves for the ex decay daughter isotopes have a 

secondary maximum at a bombarding'~nergy about 20 1I1eV higher than the main 
• :1' 

peak. , .. ' 
.- .'.1 

In the case of theradiu.iJ. ·yieldcurves. we' can ,also point to some 

interesting features ~,,' In niost~a:se's' i tis :lik~ly that t:o.<;. r.adiu.'rl isotopes'~:,':~, 
.. '-: ,..... "." , .. ~ , : ' 

are produced by electrori c~:pture decay of the' corres};>()l1ding" actiniiun 
....... 

'When the peaks of theyield'cuI-ye's'for'radium and actinium,isotopes.occur 

at the same bombarding' energy,tJ:1is ispresutp.ed:to be 'true altl~ough 

also possible that on~.proto~ is 'evaporated in 'the. de~'xcit~tion 
• < r.r: 

leading to formati'on of r-adium ~ thout the electron capture decay lin.l{·., .T:riis,' 

becomes most likely for reactions in which more thari three' or .' foUr neutrons 

", ~ . 

' .. ~ 

..: .. 

. .. ~- " 

."' .~ .. " 
. ,. , 

..... '" 

are evaporated'l{here the statisttcal'chance of proton emission is increaSing;' 

the bj.nding. energy of the' neutrons, is increasing, 'and the binding' energy of .. '.. .': 
;iS ...... , ". .. . ... . 

protons decreasing :to avery lO'vlvalue. ,The peal\.· fOTfl: (HI)p:x~) reaction." 0 

, 

. . 

,I. 

" ., , 

yield ';.rouldoccur 'rather close to that fora (HI,(x+l)n) reaction. "., ", 
"'" - 2])( ',' '> " "20 _ ".' ;,;" ". 

A striking'radipm yield ¢urve is-the pne fo.r ,Ra,1.n the', .9B1. + 12C .,., .. 
-. ," . 2i4',: " .. ",",;.:., 

case as displayed in Fig. 8. As explained in the~·.Ac d~SCu~sioIl (Sec., IIIC), ,.",. 

at a 
12 2' 4 ' '. . •. ' . . . "214' " .',' 

C energy below 1051'!f.eV) the ..... Ra yield is .. linked to" .. , ACj" but· it:. ' 
, . 

,.; .. , .' 
'clearly departs frpm it at higher bea..'ll energies. 

\ , 

.', 
; 

, " 

'; :, , 

-",' 

- t. 

" 

.. ' : ... 

• ~'" ;'~ I 

.' ! 

....... ,.I' 

'1. 

-""," 
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Inre'cent years theoretical discussions of the statistical model 

treatment of compound nucleus deexcitationhave shown agrovring aware-

ness of the role of angular momentum upon the evaporation of protons 

and alpha particles in compe.tition with neutrons and y rays' in the 

. 14-18 " . 
deexcitation of nucle~. The anomolles 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 vlOuld be extremely useful to carry out direct measurements 

on the properties of protons and alpha particles emitted in these 

reactions. 
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Table 1. Present results compared with previous. reports. Following 
a-energy standards were used: 212po 8.7854 MeV, 215po 7.3841' MeV, 219Rn 
6.8176 HeV, 211Bi 6.6222 MeV (Ref. 13). 

This work Griffioen and Macfarlane 
(Ref. 

Isotope Alpha energy (MeV) Half-life (sec) % Alpha energy 
(MeV) . 

216Ac 9.14±0.03a ) 

215Ac 7~602±0.005 0.17±0.01 

214Ac 7·212±0.005 8.2 ±0.2 52±2 7.24 

7.18 

7.080±0.005· 8·.2 ±0.2 44±2 7.12 

+ b) 7.000-0.015 8.2 ±0.5 4±1 

213Ac 7·362±0.008 0.80±0.05 7.42 

212Ac 7· 377±0. 008 0·93±O.05 

211Ac 7·480±0.008 0.25±0~05 

210Ac 7.462±0.008 0·35±0.05 

209Ac 7· 585±0. 015 0.1O±0.05 

215Ra 8.70 ±O.02 8.7 

a)values for 216Ac come from the work of Rotter, et ale (Ref. 7). 

b)ThiS peak is probably complex. 

6) 

Half-life % 
(sec) 

0.39±0.03 mse 

12 33 

12 33 

12 33 

-1 

1.6 msec 
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FIGURECAPrIONS 

Fig. 1. Schematic, diagram. of improved apparatus' for, rapid collecti0~1 of 

"197 ' 20 
recoil activity. ,For" Au + Ne reactions the 'following values ,\·rere 

'. 
used: chamber depth from target to back i-.rindow 3.6 cm, absolute helium 

pressure 1. 7 atm, 'helium flmv rate 90 cm3/ sec. For othel' reactions the 

helium pressure Vias varied to obtain maximum yields. 

Fig. 2. ThreeCX spectra showing actinium, radium, and francium activities 

203 16 219-x . 
fX'om the Tl( O,xn) Ac reactlons. At 91-and 112-:-MeV beam energies 

the beam current, 0.25 j..t.A, was integratedover the measuring tim<2,'6.oout 

17, min, to the same total in both measurements. At 135-MeV beam energy 

the measuring time and the total integrated beam "ivere doubled; the ex 

energy scale was also different. Two catcher foils were flipped between 

alternate collection alfd measuring positions at the rate. of twice per 

second. These spectra and others, all taken with the new fast apparatus, 

"Tere used to construct the excitation functions' shown in Fig. 5. 
, 

Fig. 3. Alpha spectra showing actinium, radium, and francium activities 

, 209. (12 )221-X '. ' from -.;he Bl C ,xn, Ac react:l..Ons at three beam energies. The 
, 

beam current was integrated ,over the measuring time, 6.min, to 
~ 

the same total in each measurement. Two, catcher foils "ivere flipped 

bet'Yreen alternate collection and measuring pOSitions at a. rate of once 

per second. These spectra and others were used to construct the excita-

tion functions sho'Ym in Fig. 8. The original apparatus "i{as used. 

Fig. LI,. Alpha spectra sho"inng actinium, radium, and francium activities from 

the 197Au(20Ne,xn)2l7-XAC,reactions at three beam energies. The beron current, 

o. (3 !..I.A, "ras tntegratcd oyer the measuring time, about 36 min, to the 

:::;:.t~rL(! tctcd in each mcar::uremcnt. r~"TO catcher foils verc flipped bet"iK:cn 

! 
I 

" ;.; 

i , i 
! 

I ..-
i 

, 
I 

I 
! 

• I , , 
! 
! 

.' I ! 
! 
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Fig. 4 (cont'd) 

alternate collection and measuring positions at the rate of. hrice per 

second. The original apparatus ioTas used. 

Fig. 5. Excitation functions for the actinium isotopes produced in the 

.:.. 203 16 219-x . Tl( O,xn) Ac react1.ons. The measurements were run with the new 

fast apparatus from'low to high beam energies in tva different sets of 

experiments: one extended from the Coulomb barrier to 121 MeV, the 

other from 113 to 159 MeV. Each point corresponds to the same total 

integrated beam current, 0.25 JJ.A during about 17 min,and the interval 

between successive measurements was 4 to 7 min. The second maxima 

came from the 11.8% 205Tl present in the target. The nominal Coulomb 

barrier from a simple tangent spheres estimate is 7)+ MeV. See the 

caption of Fig. 2 for more details. 

Fig. 6. Excitation functions of radium and francium activities produced 

. ....b 203T" (160 )219-xA t· S th .... . ' f H'" 2 l.nVJ.e _ ,xn creaC1.ons. ,ee ecapv1.onso'.L1.gs. 

and 5 for details. 

Fig., 7. Excitation functions of actinium; radium, and francium activities, 

205 (16, )221-x "'~ . " . ' produced in the Tl Ojxn Ac react1.ons. The exper1.ments,were 

run from low to high beam energies with 3- to '4-min intervals betveen . 

measurements. The beam current, O. ~.JJ.A, was integrated over the mea-

suring time, about 15 min; to the same ,total in each measurement. TvlO 

catcher foilsi-Tere flipped betveen alternate, collection and measm'ing 

posi tions at the rate of tvTice per second. The original apparatus 

vas used. 
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Fig. 8. Excitation functions of actinium, radium, and 'francium activities 

produced in the 209Bi(12C,xn)221-XAc r,eactions. The experiments were 

run ,vi th the original apparatus from high to low beam energies with 

3-min intervals between the measurements. See the caption of Fig. 3 

for more details. The nominal Coulomb barrier from a 'simple tangent 

spheres estimate is 58 MeV. 

Fig. 9. Excitation functions of actinium, radium, and radon activities 

197 (20 ')217-X' . ' 
produced in the Au Ne/xn Ac reactlons. The'experiments were 

run from high to low beam energies m th 5- to 7-min intervals between 

measurements. The beam current, 0.8 f1.A, was integrated over the mea-

sU!ing time, about 35 min, to the same total in each measurement. Two 

catcher foils were flipped between a1ternat,e collection and measuring 

positions at the rate of tvlice per second. ' The new fast apparatus was 

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

88 MeV. 

Fig. 10. Excitation functions of actinium; francium, and astatine activities 

, . 197 (20 )217-x produced ln the' Au Ne,xn ,Ac reaCtions.. See the caption of 

Fig. 9 for details. 

: Fig. 11.' Alpha energy, versus neutron number for isotopes of different 

elements below 126-neutronshell and above 82,,:,proton shell. Thesolid 

circles indicate e'nergies assigned to ground~stateo: decay. The crosses 

represent 0: energies assigned to isomeric states. The open circles are 
. .' . 

0: transitions to excited levels at the daughter nuclei (0: fine structure). 

, . 8 209 . Fig. 12. Alpha spectrum showing the 7.5 5-MeV group of Ac from the 

197 20 209 . ,Au(' Ne,8n) A~ reactlon. The spectrum was obtained'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 worko Neither the United States, nor the Com­
m1SS10n, nor any person acting on behalf of the Commission: 

Ao 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 

80 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 reporto 

As used' in the above, "person acting on behal f of the 
Commission" incl udes 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 contractoro 






