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, '.Abstracfv

.i50£opes of éstatiﬁé lighter than mass 205 wefe studied at:thé Heavy
Ioﬁ Linear Accelerator by bomba;dment of l8_5Re and ;87Re with 2ONe, using Si(Au) _
surface barrier detectofs in on-line measurements. Mass number assignments. of

astatine. 201 through 196 aré based ¢n gxcitat;on functions and on genetic rela-

tionships with polonium isotopes. Accurate alpha energies are reported for

204
0 At through 196At, for 202 Po through 194 Po, and for four light bismuth is0-:
: ,
topes. Half lives are given for 202 At through 96At, and for the blsmuth
. isotopes. Isomerism was detected in 202At, QOOAt, and 198At.

* : ' o ' ' L
This work was performed under the auspices of the U. S. Atomic Energy Comm1551on1
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1. ihtroddction
- Alpha actlve neutron deflclent astatlne 1sotopes have been prev1ously

studied by several 1nvest1gators ). The llghtest 1sotope p031t1vely 1dent1f1ed

201 ?)' R . 2Q0At.

was T At In addition, two alpha groups vere tentatlvely ass1gned to .

Because of the'experimental techniques employed, shorter'lived-actiyities could ..

not be observed. In some cases, branching ratios én& details of electron

'capture decay have been determlned

Use of faster on- llne technlques at the HILAC allows the study of yet

shorﬁer lived activities. Cémpared with' the 5h second half life reported for
200 ' ' '

" half second. AIn addition to accumulating information on previously unknown

" nuclides, the study is of interest since recent studies have revealed isomerism

: . ; ) L L
in several neutron deficient isotopes of polonium”’ ’5) and emanationé). Theo-

reticaily, thie isomerism could be associated with the presence of the 115/2

neutron level.
' ; 196

We were able to observe activities as light as “7°At, 'and isomerism

in zqut3 _?QoAt,} and l98At.: As a side product we confirmed previous
. polonium results from ZOZPO' to ;9hPol

“"At, ‘the present apparatue is capable of observing activities of less than a

v
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The present work vas done at the Heavy Ion Llnear Accelerator (HILAC)
‘_at the Lawrence Radlatlon Laboratory at Berkeley The annaratus vas ba31cally
the same as that of Macfarlane and Grlffloen ), and later of SllVOla, wlth e

few modifications (flg. 1). A beam of heavy'lons was_dlrected-through a

0.00015 inch nickel window on a thin (< 2 mg/cme) target. The reaction products

recoiiing out of the target were thermalized in a helium atmosphefe, swept in a -

" Jet through a 0.35 mm diemeter nozzle, and collected on a s-ilvei'. foil. The
foil was mounted on a wheel which was flipped 180° vy a solenoid,vpiacing the
activity in front of 'a Si(Au) surface~barrier detector (25 - ORTEC, 25 mm
Nuclear_Diode).‘ The flipping rate was contgolled externally, and could_be
: caried fo meet the demands of the exberiment, .

| The electronics consisted of conventional>low noise preamplifier,-lineér
emplifier, biased amplifier and 800—cﬁannel pulseAheight'analyzer.' The enalyéer
.ﬁas'externaliy gated on between the beam borscs of the accelerator and was
syochronized with the flippihg wheel.

For half life:measurements; lOO—chaonel segments of the analyzer memory

.Vere sequentally routed, eight succeséive.spectra being taken at pfesef time'
intervals eacﬁ cicle. |
| For accurate calibration of the spectra a calibratioﬁ source was placed
in,ffont of the oecectorijust behind the collector wheel (fig. 1). A.hole'was
made in the wheel to expose the source to the detector in one of the two fest

positiohs of the flipping wheel. Calibration and sample spectra were externally

L
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T o ";
rouﬁed info aifférént hOQ-channéi ﬁeméfy §égmehté;? Thié methéa é1leea us‘fa,
run both spectré-simulténeo@sly.without_mixing‘theﬁi“‘Thé calibration standa?dé_»v
aré’giyen in table 1. | H - .
Beam energy selecﬁion waévachieﬁed by'degfadation‘throﬁghra set'of
0;00025 inch aluminum foiis pléceé'in front of the ﬁéfgeﬁ (fig. 1). Energies
( \ i . ) .
were cgléulated using the.rénge energy reiationship of NOfthClifféll)_
The first runsﬁwefé'performed with an l6O-beam on natufélhplatinum.

However, this system was soon discarded in favor of the reactions-

20

l85Re(

Ne,xn)gos-XAt.k

20; 207- B
187Re( Ne,xn)" Xy .
According to the manufacturer (Oak Ridge National Laboratory) the isétopic com-
positions of the targets were 96.66% 185Ré, .34, lBZRe; and 96.7% l8-7Re, 3.3%

185Re, respectively. The targets (0.5 mg/cmz) were electrodeposited on 0.000075

inch thick nickel foil.

During the course of the study it was discovered that the cbileétion
efficiency depended considerably on thé compositibn of thevatmosphere in the
:farget chamber. Introductionidf small amounts (0.5 to l%) of air increased the
yield of asﬁatihe an-ofder of mégnitude; Since.only relatively small changes
‘(< 25%) were observed in the yiélds of bismuth, poloniﬁm, and francium, we
conclude thaé the effect is cbnnected to the hot‘atom chemistry of asfatine.

A more détailéd study of tﬁe phenomenoﬁ,’however,.was'beyond the scope of this

* work. Helium pressure in the target chamber was kept at 1 atmosphere.



*rff§f? Results_d}:”

}

The 1nfornatlon obtalned for dlfferent 1sotopes and 1somers 1ncludes,”

in general alpha decay energles, half llves, and exc1tatlon functlons ~Three-

alpha spectra taken at different beam.energles are glven in flgs. 2, '3, end L,
Excitation functions werevmeasured both for astatine isotopes and their alpha

active daughters. ‘The mass assignmentsvof the new astatine isotopes,werel S

mainly based upon  their excitation functions and upon comparlson with the
ex01tatlon.functlons of therr respectlre polonium daughters. of course; half-
life data and mass- energy systematlcs have also been cons1dered . The excita-
tion functions are shown in figs. 5, 6,\and T. The flrst one 1ncludes'the
eXCitation functions of astatine alone;.the'othervtwo show "them togeﬁher uith
~ the albha active daughtersr In addition to the maximum yield energies,. the |
Aexcitaiion curves give a rough qualiﬁatiye idea‘of the intensity relations.
However, any comparison of the'intensities,must'be done with great- care’
beeause of the variable product yields and finite collection time.

A compllatlon of our results is given in tables 2, 5, and 4. 1In

addition to *the astatlne data we glve our polonium results as a side product —

-to demonstrate the agreement between them and previous measurements. We' also

observed alpha peaks that we attributed to bismuth 1sotopes. Being grand-

daughters of astatlne, the blsnuth peaks have two possible mass a351gnments

each.
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3. Astatlne 202 and Astatine 202m -

The alpha decay of astatine- 202 has been studled by several investlgators

-~

Forsiing et al.l3) used mass separation o show that the two alpha Deaks at 6. 226

and 6.133 MeV belong to asfatine-EOE HOFF et al ) stud*ed the nature of these

peaks by alpha gamma 001nc1dence technlques They falled to observe gamma rays

‘in coincidence with the alphas which led them to consider the possibility of

isomefism. As they could not observe clear_diffefencesizlthe half lives of the .
alpha peaks, they concluded that the isomerism is mofellikely to occur in the o
dsughter, bismuth-198, than in astatine-202. | |

'Cur excitatien functions suppoft'the asSignment of the peaks to astatine~

202. However, systematlc occurrence of 1somerlsm in the nelghbourlng 1sotopes,

mass-energy systematics (flg 8), and a careful study of the half llves 1nd1cate

tbat the isomerism is in astatine-202. In table 5 we give results of a few half-

.life measurements from slightly different experimental condlthns.. They all

g indicate thet the 6.133 MeV peak has somewhat longer half life than the 6.226

MeV peak. We assign the 6.133 MeV peak to the ground state and the 6.226 MeV

. peak to an isomeric state as this fits best in,the mass-energy systematics.

3.2 Astatine-201
| Oour resultsAconfirm those of Hoff-et al.g);
3.3 ASuatlne 200 and Astatlne 200m | , | . ,
HOFF et 8l. observed two alpha peaks at 6 465 and 6. h12 MeV with half
lives of 0.9 mlnutes, they assigned them tentatlvely to astatlne 200 Oqf v |
excitation functions -support this assignment. Within the experimental uncertain-

ty we found the same_haif life, L2 seconds, for both. Hewever, we observed an
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) addltlonal peak at 6 536 MeV w1tn 4 half llfe of h 5 seconds ilbe.ercltablonﬂ
functlon (llgs 5 and 6) shows tnat this p ak belongs to astatlne QOO< We" |
~have a531gned the 6 hlz and 6 h65 NeV peaks. to. the ground state (the 6.412 Mev
peak is fine structure) and the 6. 556 MeV peak to an 1someric state as thls fits

best in the mass- energy systematics (fig. 8)

5 L Astatlne -199 v
The peak at 6. 638 MeV w1th a half life of . 2 seconds clearly belongs

to astatine—l99. Its‘excibation function follows‘those of polonium-l99 and
polonium-l99m, and its elpha energy'and half life_are close to nhat can be
~ expected from.systenatics. | . o
3.5 A_.statine-l98 and Astatine—l98*n o | _

| The alpha peaks at 6. 7&7 MeV w1th a half llfe of L.9 seconds and at
.6 8LT MeV with 1.5 seconds have exc1tation functions 51milar to polon1um-l98.
‘We have e531gned the former one.to tne gronnd state and the second one to»an
isomeric statetofhastatine-l98;' This.assignment is in‘good egreement with
energ& systenatics. | ‘ |
3.6 Astatine-197 ] _

‘The peak at 6.957 MeV with a half‘life of O.h.seconds belongs to

.-astatine-l97. 'Its excitation function.is similar to those of polonium-197
- and polonlum l97m, and 1t fits well in the energy systematlcs | |

.3 7 Astatlne 196
In subsequent runs, an alpha peak atl7.055 MeV with a half life of 0.3

seconds was observed. The excitation function, shown in fig. 7'clearly'followsv
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that oflpolonium-l96 Thls ass1gnment flts well with the energy systematlcs ',l'-
" From comoarlson with nelghbourlng 1sotopes one would expect isomerism in V

polon1um—l96. We saw only one peaﬂ, a p0551ble 1somer 1s probably beyond our

time thfeshold |

The astatlne 1sotopes llghter than astatlne 196 have half llves t00
short to be detected with the present-method However, thelr alpha active |
. aaqghtersvcan be seen-(figé. 2_?nd.7)‘which indlcates that astgtlne 1sotopes <
as light as astatine-l9h are prodﬁced. Direct producﬁion offpolbnium isoﬁopes
is.unlikely éince the excitatién fﬁnctions are-SOjstraightforward.i Light
astatine isotopes can be éxpected tq hgve alpha activg bismutﬁ daughters. We
‘have observed four alpha-peaks in our sﬁectra which we have assigﬁed ﬁo bismuth. .
We'lfét these activities and their possible mass assignments accofding to our
dqﬁa in table b, aldng ﬁith the earlier repofted values of Siivdlalz). Inspec-
tion of table U4 reveals a systematic.discrepancy bgtween ouf'work and Siivola's
with our assignments tending to be!pné mass number lower or threé massbnumberé '

higher than his. It seems clear, however, that the same activities are seen in

both caseé.‘ Further . work is in-progresé to resolve this discrepancy.
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._We ér§perf6rming an'eftensiyé study iﬁ ﬁﬁenfégfoh éf’néﬁfrénxdeficient‘ e
“iéotobes'of eléments.betwéenfbiémuth'and thofiuﬁ. vAs a part éfrfhié study-we |
have ruﬁ excitation‘functidns for huﬁerous combiﬁatioﬁs bf targét énd projectile.
Inionly a few cases héve'we obtainedv;o simple and reguléf excitatioﬁ functions
| lBjRe + 2ONe énd.l87R¢4+ 2ONe. ‘Wé inferpret this as indic{

as in the reactions

ative of classical compound ‘nucleus rééctions predoﬁinating’oVer cohpéting
processes. Accofdingly, direct préduction QfIPOloniuﬁ should bé‘negligible,'
| and the excitation funqtiéns given'iﬁ:figs. 5 té T bindvthe assignments of
asfatine isotopes-vefy tightly to thQselbf polonium. The light polonium
isotopeé, in tufn;'haVe been étudied By»sgvéral groups, .and at leaét three
létést reportQB’u’5) agree about their assignménts. In a previous study )

.we were able to connéct the assignﬁents of light emaﬁation isbtopes to>those
of astatinevand poldniﬁm.. Preliminary-resuits of'a restudy of'light franciwn
,isotépes confirm the assignmenfs‘of Griffioen énd'Macfarlanelu) and connect
-the’frgncium isotopes to eﬁanation and astatine. Thus,vwe have an area on

the chart of nuclideé where;the assignmegts are_interconnécted-severél ways.

‘Figurg 8 shows the systematic occurrence of isomerism in neutron defi-

-cient isotopes of elements abéve 5ismuth. {The.igomefs are all‘in odd—neutroh
isotopes. In evén—proton isot§pes the isomeriéﬁ éan be understood in terms of ~
| neutron level ég discussed in our previous paper6). in the odd-

the 115/2

proton elements francium and astatine coupling between the odd nucleons should

be considered.
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Anether 1nterest1ng feature is the etep llke beha&lour of'the mass-
ene“g&ecurves If a smooth curve were fltted to the ground state energles,,'
odd- neatron 1sotones would lie below the curve and even neutron 1sotopes
above it. 'This beha§1qu'could_be explalned by a relatlve weakenlng ol-the
pairing.effect between neutfonseﬁhen the clesed shell configuration is

approached. A similar behavﬂnn‘of protons can explain the apparent "pairing"

.of the curves of differeht elements.'-Ferva constant neutron number the steps

between bismuth and polonium, astatine and emanation, and francium and radium

would then be smaller than those between ﬁblonium and astatine, emanation and

francium, and radium and actinium.
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| .Alpha energy stendards used in the calibrations =

STt

Isotope Alpha energy (MeV) Ref. . :Isotbpe. Alpha energy (MeV) .",Ref;:f,

2125, g.785h 18] e g8 8]

210 - U 18] V_leBi, o  6.0506 8]
2190 6876 8] 2%y, L slesuo (o]
0 e tol P oseoks 8l
Bi 6.6222 [SJ,V_- 20 s T10]

220, . 6.288L {9l | 228Th - 5.341* : - [10]

i 3 : '
~ Energy given in [10] corrected to fit ?2%

211

Ra = 5.6840 MeV [9].
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>As’tatine résul_té‘ .obtain_e‘d 1n 'thlS work c"dr:npa:réd_ii«’li’ch v'thosle“ o_f Hoff' e.i; -él.z) ' -
- | ) S - .
- Isotope C This work. S S - Hoff et alz. '
Alpha éneiﬂgy \(MeV) . _':Half‘.lif.‘.e Aipfla énergy (MeV_) ) Half life S
196, | 7.0550.007 . 0.3:0.1 sec ‘ |
19Tpe 6.957¢o.oo§’ : 0.4%0.1 sec '}
l98mAt: : 6.847+0.005 © ~  1.5%0.3 sec
198, - 6.747£0.005 | h.9to.5 sec
199At 6.638+0.005 B " 7.240.5 sec
200m ¢ 6.536%0.005. 4.3%0.3 sec
zoo;t :'6;h63io.005 | Lz +2 _'seé | 16.1465%0.011 ' 0.9iO.2‘min :
200, 4 ~ 6.1412+0.005 k2 2 sec 6.&12t0:009'v.. 0.9+0.2 min
‘ZOlAt~ 6;3u2¢o.oo3 .90 4 sec | 6}3u2to,006 ~ 1.5%0.1 mih‘
202my 6.226:0.003 . 2.60.3 min  6.227:0.003 1.'” 3.0£0.2 min"
.202At_  6.133%0.003 ©3.0%0.3 min 6.133t0.002°  3.0%0.2 min"
203A¢.' - 6.086+0.003 | -’6.d8sio.ool‘ © 7.420.3 min
20k, 5.947+0. 003 S ' _.;5;9h8£o.oo3v . 9.3%0.2 min
*BothAgroups éttributed to 'ZOZA‘C ground state.
e
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L mables

Polonium alpha ehergies'ébté;néd in this work compared
with those reported previously ‘

" Alpha energy (MeV)

This work Siivola3) Tielschu) ' Brun,etraW.s) prf ot 31‘2)
l9??0 A 7.00 | '

Po  6.845+ 0.007 6.85
192Mpo  6.698 £ 0.005  6.72
198 6.608 + 0.005  6.63

;96Po - 6.517 £ 0.005 16.53
WMmpy . 6,378 0.005 6.39 . 6.37% 0.05

19T, %080+ 0.005  6.30 'j 7 6.2T7% 0.03
19855 6.178 t 0.005 6.18 L 636t o002
19%ps . 6.053 £ 0.005 7 605 - 6.0h 0.0

- 199, 5.950 % 0.008  6.06 '_ 5!95 - '5.93  0.02 - |
20p,  5.860£.0.005  5.86 5.85  5.85 0.1  5.860 % 0.006

- 20Mmp 5780+ 0.005 st 5.77 0.01 5.780 + 0.007

201y, 5.677 % 0.605 ‘v‘ N - 5.67 . 5.67  0.01 ' 5.6Th £ 0.009

202, 5.578:0.005 557 . 557  5.580% 0.010
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 Present bismuth‘fesulté'compafed with thése’dfvSiiﬁéialg) .

Present work o eitvola

Assignment Alpha energy = Half life Isotope Alpha energy Half life

(fig. 7) ' (MeV) (MeV)
| 1905 66 2
Wiy, .90 2

1% or lguBi 6.305 £ 0.005 1h % 2 sec 19154 R 6.33 | - 15.14 see )
8: or 1984 6.050 = 0.005 38 % 5 sec 19231 7 ' - 6.07 48 sec
o - | ) '»>;95Bi. v' 6.50 3.2 séc

0:005 b %5 sec *PBi - 5.91 60 sec

: 19ABi | 5.61: | 85 - sec

192Bi\or 1?6 i 5.8

+

1905 or Y981 6.1200 0.005 55 * 1o'sec_l95mBi ',  6.3 85 secé'
' 19 - 5.k 2.5 min
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Half lives obtained. for 6..153' and 6.226 MeV aipha ,ﬁeaks in a few measurements -

Half life (min) .. Reaction = - . -;Ion beam energy

© 6.133 MeV  -6.226 MeV

1  ', 3.3 . . 2.8 . .187é¢ + e 108 MeV
2 "_ 31 - 26 - ;87Re'+ e .’ - '116 MeV
2.7 2.k “"v,_197Au';_160 | o Jl62»MeV .
29 2 187Re1+ e 108 Mev

3.0 ._2.5; . A197Au + 1, o 162 MeV

[O) N NG ) IR — R GV

3.0 2.6 o .‘5197Au_+.l,60 | 162 MeV
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. Scheﬁatic_diagram of the on—line'épparatﬁs{ BE

e demanen

: AFiéuré Capﬁiﬁhsi»,
Alpha spectrum obtained at full energy neon beam. 
Alpha spectra,showihg‘thé lightest astatine isotopes and their .
polonium daughtefs.

Alpha spectrum obtained at 124 MeV neon beam.

Excitation functions of the astatine isotopes.

‘ o, o - .
Excitation functions of 197At through ooAt and their polonium daughters.

Excitation functions of the lightest astatine, polonium and bismuth

- isotopes.

‘Alpha energy versus neutron number for different elements in the area

below 126 neutron shell and above 82 proton shell. The solid circles
indicate energies assigned to ground state alpha decay. The crosses
represent alpha energies assigned to isomeric states. The open circles

are alpha transitions tovexcited levels at the daughter nucleil (alpha

~ fine structure). Dashed curves refer to assignments considered uncer-

~tain by the authors. The lightest three francium values are from

data. soon to be published.
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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 1in 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.
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