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ABSTRACT

Gamma-ray singles and coincidence spectra have been measured in the alpha

decay Ra222) RaZZA, and R3226.' Excluding the prominent transitions from the

first excited states, the energies (and abundances relative to total @-emission)

inthe observed radiations were: Ra‘2%; 325 kev (8.4 x 10-5), 475 kev
(7 x 10’5), 525 kev (2 x 10'5), and 798 kev (2.5 x 10'”9;:Ra22”:_290 kev
(9 x,10'5), 410 kev (4 xtlo'5), 650 kev (6 x 10'5);_Ra226; 260 kev (0.9 x 1o'u),

420 kev (7 x.lo'6), 450 kev (3-x 10'6), 610 kev (1.0 x 107°). ‘The observed

gamma-gamma coincidences were Ra222: 325-325 kev, 325-475 kev, and 325-525 kev;

2z 26, 188_260 kev and 188-420 kev. Tt was

not stfictly determined that the R3222 radiations. were not due to other members

of the Th226‘family._‘These data have been used to deduce the following levels,

spins, and parities.in the daughter Rn nuclides: VRn218

220

: 650 kev, 2+; 800 kev, 1-;

: 530 kev, 2+; and 650 kev, 1-. RnZ22,

222

and, possibly, 850 kev, L+. Rn L8 kev,

.2+3; and 610 kev, 1-. .The 2+ states in_RnEZO and Rn have been previously assigned

- by Scharff~Goldhaber. These results are incorporated in a general energy level

systematics of even-even nuclei in the heavy element region.

¥ . . :
‘This work was done under the auspices of the U..S. Atomic Energy Commission.



,Raz 26 decay by.-S’r,ephens)1L and by Harbottle, McKeown and Scharff Goldhaber.
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- INTRODUCTION

LA high_degree of regulerityAhas been observed,among the energy iefel
patternS»ef the eveneeven.nuelei inAthe»heavy element region.l From .the vefy
heavieSteelements.(celifornium.and fermium) down through the'isotepes of radium
the only energy'levels’foﬁnd.below about,liMev are those belonginé to the‘grOund

state (even.parity) rotatlonal ‘band, and to a rotational band (0dd parity) based

on a state having spln and parlty 1-. (The 1mp11cat10n that there are no

partlcle states differlng from the ground state below ~1 Mev in even-even nuclei

has itself been the subgect of 1mportant theoretlcal developments )2 For

elements lowergthan_radlum there was'llttle information available, and for
this reason the present study of the level schemes of the radon isotopes was-

undertaken. Due to the proximity of radon (element 86) to the closed shell

region of lead (element 82) it was suspected that some of the regularity

: observed.in'the heavier elements should begin to break down.

3 . - 218

It,was.known erm,other‘work that the first excited states of Ran R
220 | '

Rn™"7, andarzzz.were at energies of 325,_2&1,_and.188 kev' respectively.

_These~energies,erefconsiderably larger'thanzére f0und'fqr‘the tranSqranium

,even—eVenenuclei, where allvthe first excited stétes lie Dbetween hb and 145
- kev. _The'riseein energy ef this presumably enalogous state‘iS'ver&_regular

and is due to the approach to the region of the doubly closed shell. Even -

within the radon isotopes, ihemselves,,a sharp rise.invenergy_is observed in
progressing to .lower neutron.numbers. .The only additional information

avallable on the energy levels of the radon 1sotopes is some recent .work .on

p)
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wStephensb(in a preliminary report of this work) observed a gamma ray of 255 kev
in .coincidence with,R3226 alpha particles, and Harbottle et al. showed that this
gamma ray had an energy of 260 * 3 kev and was in coincidence with the 188 kev
transition.r Thus, a level is defined at 450 kev whiéhchharff—Goldhaber6 has
suggested toibé a state with spin and parity»Zf. This state iS‘presumed.to be
.analogdus to the 2+ second excited states in those isotopes further down in

the periodic table which lie betweén-the spherical (closed shell) and

spheroidal (rotational) regions. .This has been called the near-harmonic region

by Scharff-Goldhaber, who has pointed out that it might be expected to occur in
the heavy elements in just the region of the radon isotopes.

In the present ‘work we have examined the level schemes ofARnZlS,Aanzo, and

.anzz.as,ﬁhey are populated by the alpha decay of their regpective pafent radium
isotopes- Since tﬁe alpha grouPS"leading to the levels of'interest»ﬁére too
weak to observe directly, the level schemes were inferred from stﬁdies made on
the gamma rays accémpanying'the alpha decay. Sodium iodide'(Tl) crystals 1-1/2
inches in diamefer,by one-inch thick were used in a coincidence array with pulse
height discriminatofs to analyze the energies. A single;channel pulse-height
anélyzer recei&ing the output from one of the.cfystal assemblies could be used:.
to provide the gating pulse for a 50-channel analyzer connected to the other,
making possible aAvariety of coincideﬁce'experiﬁents. This apparatus has been
described in detail els'ewhere.LL The. principal difficulty in theseimeasurements
was in obtaining sufficient séparation'of the radium isotopesifrom their decay
products in order to see the low intensity gamma rays belonging with the radium

decay. .Since the methods of purification employed varied for the different

isotopés, they will be -discussed individually in the appropriate sections.



with its 31 minute parent,'Th'22

-WOTrk was preparéd‘by bombarding Th

with. an aqueous layer saturafed with NHhNO
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EXPERIMENTAL

Rn218 .

Information on the energy levels of anl8,may be obtained by studying

_Razzz, a 38fsecondnalphavemitter. Because of this short half-life Ra222 cannot

convenient-be'isdlated for study. It may, however, be obtained .in equilibrium

6

, which in turn can be kept in equilibrium with.

its parent, 21 day’U23O, or readily separated therefrom. = The Uz30 used in this

232 ~ '
3 with 100 Mev protons -on the 18L-inch

cyclotron. The 18-day Pa230 so>formed.was allowed to stand for about a month,

after which the U23vaas removed from it. Protactinium-230 decays by B_

230 3

emission to U " to the extent of ~15%; the other 85% decays by electron

3

capture.

230

The chemical purification of the U consisted of a combination'of ion

exchange and ether extraction techniques. . The thorium target was dissolved in

10 M HC1 to which a few drops of hydrofluoéilicic acid had been added. This .

-solution was run through a Dowex A-1 anion-resin column which retains the

uranium and protactinium under these conditions, while the thorium .passes
through. The uranium,fraction, free from thorium, was eluted from .the column

in 1.4 N HCl,'during.which”a partial separation between uranium and protactinium

was also achieved. The resulting solution was eVaporated to dryness, and the

uranium separated from the protactinium by extraéting with ether in contact

3 and slightly acidified (0.007 M

HNOj). Re-extraction of the agueous layer and washing of the ether layers with

- saturated NH, NO, produced a uranium_fractionlOf good purity. The uranium was

~.removed from the ether by washing with a small portion of. distilled watér.
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:The U230 pfoduced-and.isolated in this manner contains appreciable .amounts
of U232 from the .decay ofv?az32 formed in the bombardment along with the Pa230. °-

Uranium-232, itself, did not interfere with the measurements, but the daughters
28

, v e
and family) are very prolific gamma-ray emitters and did

interfere. Since the m1f lif‘e’of.‘l‘h‘228 is 1.9 years and that-offTh226 is 31 =

of this isotope (Th2

minutes.a tractable ratio,qould be aéhieﬁed“by cleaning the‘uranium‘df thorium
(by ion exchange 'separation) a short time before measurements were to be made.
.The;U?3Q¢source'prepared by this method had .an inteﬁsity ofiaﬁout lO6 alpha
disintegrations per minute.

,The-albha-particlé-and gamma-ray spectra of U230

7

and its daughters have

‘been the subject of a previous paper, andjﬁill_not be reviewed in_detail'here.

.Briefly: the decay of U230 is accompanied by several gamma réys of energy
less than 250 kev all of which have been well placed in a level scheme; a

closely-analogous level structure of RéZZZ,Was deduced from the alpha- and

-gammaASpectra of Th226; the spectra'\of'Ra222 reﬁealed”a:single excited state in

Rn218 at 325 kev and from.RnZlS,decay'the 690 kev state in POZlu (previously

1h

known from‘Bi2 beta decay) was seen. The pregent work is concérﬁed,with new
low intensity gamma rays beldhging,to thelexcitedvstates of Bn218, in adéition '
to the 325 kev gammairéy'which leads .from the first excited state (2+) to
ground; | |

230

-Figure-l_shows,the gamma-ray spectrum of the U family-for the energy ~

interval 400 to 1000 kev. In addition to the gamma ray of 325 and 609 kev,
. . . , _ i ' 222 218
which have already been shown to belong with the decay of Ra and Rn v ¢

respectively, a gamma ray of 798.% 5 kev is .seen. - Also there is an .indication

of a peak.around 500 kev, although itsyenergy and shape are not well defined.



©

In a sample%ofEThzz

in_coincidenéeswith the 325 kev gamma ray of Ra222
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230

6 séparated:fron_U , these same two peaks sﬁpeared,w
proving that these gamna rays afe not dué fo U230 deésy, itsslf"
,Coincidence’measurements vere also madé,sand in Fig. 2,'the‘pnoton_snecnrum
| .deca& is.shown..THene é psék
of the same energy as the gating,photon"appeéred (325 kév) and aiso a éomplek
peak sround'SOO key, which is best resoivéd into a gamma ray'at 475 keviwinh a

less intense component, at 525 kev. The intensities of these gamma_rays are

~shown .in Table I and are based-uﬁon the value 3.6% for the intensity of the

325 kev r.$ It'is.seen that the abundance of the peak at 500 kev in.thé gamma

ray spectrum corresponds.well with the sum.of thé-ébundénces-of the 475 and 525

kev photons observed .in the coincidence run.

Table I

Gamma rays in the:Th226 family

Gamma'energy- Intens1ty per alpha, based on a

- (kev) - ' single alpbha emitter
Gamma ray | 798 i_5 Z.S'i 0.4 x 10 -k
‘spectrum S ~500 1% 0.3x 104
In coincidence - 325 + 5 8.4+ 1.5 x 1077
with 325 kev 475 .+ 10 7+ 2 x10-5
* 10 2.+ 1 x 1072

gamma ray ' 525

It has been shown falrly conclu51vely that. the 800 and 500 kev gamma rays

belong in the Th 226 famlly, s1nce they were repeatedly observed .in samples of

226

Th ‘milked from U 230 sources, and in_every case debayed with the 31 minute

226

half-1ife of Th - It was not possible, however, to show nnambiguouSly by

these measurements to which member of this family they belong. The series is



;UCRL-8996
-8

esSentially.terminated at‘zzqyear-szlo;,so four possibilitieslexist: ,Th226,
.Ra222,_Rn218 and~P021u, -Since the coincidences observed were with a gamma ray .

known to be in the Razzz,gecay scheme, it is assumed that the three gamma rays

seen in this manner belong also to Ratll

decay. .The.798 kev gamma ray is
nearly éxactly the energy of the sum of the hYS and 325 kev transitions, which
have‘been_showﬁ”to be in coincidence with each other, and_hence it seems likely
that this gamma . ray represents .the crossover tfansition. It should be
emphaéized that these assignments are ﬁot proved.eXperimeﬁtally,vbgt itrwill‘bé
seen that if they arelcorrect they‘lead_to_a readily interpretable level_schéme

of Rn218,vand one which resembles very closely the level schemes of anzo and

.anzz.

Once it has been conclﬁded that the gamma rays belong in fhe decay of
Ré?22, construction_of the decay SCheme_is not-difficulti - The gamma rays of
energy 325, 475,,and_525'kev, all of which are in coincidence with the 325 kev
transition,-@ust terminate at the 325 kev first excited state of Rn218. That
no two of.thésevéaﬁ_bé iﬁ cascade with each other ié,coﬁvinéingly proved by
Qonsidering alphavdecay theory. If, qu example, the two,325 kev and the 475
‘kev transition weré in cascade a leﬁel_would be defined at ~1125 kev. The
intensity of the 475 kev gamma ray of 7 x lOuS,would demand that this level bé
populated through alpha decay 6f.R3222 to.at least ihat extent. This required
alpha branching is more than an order of magnitude greater than would be -

-expected for unhindered alpha decayvcharacteristicvgf ground state transitions

of even-even:nuclei.,n”Superallowed".alpha transitions defined in these terms

-

‘have never been observed.



- UCRL-8996
-9_
The level scheme offRn218,whichlis,coneisteet with the lrfdrﬁatioﬁ_at hand
is ShOWn.in“Fig. 3'ahd,con5iste of states atv650,7800 ande85o>kev'iﬁ_additioﬁ i

to the.flrst excited state at 325 kev previously observed. The spin and parity

‘assignments indicated will be discussed later.

RnZZO

The energy levels of anzo may be.studied from the alpha deea§ of.RaZZh:

This isotope has a 3 6~-day half llfe, and is a member of the naturally occurrrlng

thbrium_femily in,ﬁhich its immediate parent, l.9§year'Th 28‘serves,as a con-

224

‘venient source. The separation of Ra f‘rom-‘l‘h228 is accomplished readily, and

its half life (3.6k4 days) is convenient for measurement of the radiations.

However,'the’descendentsyéf}Razzu grow in rapidly and among these are products

;with gamma rays in high.inteﬁsity. The decay series is as followsﬁ

22k a 220 a 216 a

' ———> > —_—
.Ra 3.6k4 day Rnf 51.5 sec.'PO 0.158 sec.
V 7‘1
s LA . 3. OxlO
212 B 212 208 -
>
Pb ot m Bt - 60.5 min. |
\ 208 Am
In first approximation_anzo, Poalé and Po zlz. are not - troublesome because thelr

gamma rays are in low intensity but Pb 52_and BiZl-2 must be.removed_rigorously;

It will.be seen however that once these radiation sources are eliminated the
relatively low intensity Shﬁ'kev gamma ray-accompanying(anzo decay:becoﬁes
limiting. - Since we are concerned with gamma rays from,Razzhvdecéy with inten~

>

sities .of a few parts in 10~ or less it can readily be shown that some type of -

continuous purification would be necessary..
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Of .séveral continuous flow processes tried, the most successful will be

L 22) . o 228 . : )
described. The Ra was .first milked from Th using a:Dowex-50 cation resin -
column. The mixture of activities was put on the -column in about 0.5 N HNO3

and -elution with 4 N HNO, brought the radium through in the first few column

3
volumes leaving the thoriﬁm,on the.column.qpantitatively. The fadium_solution
(containiqulead and,bismuth)‘was thennevaporated to‘dryness and redissolved in
;about.o.z ﬁl.of‘a l.5»E,HCi_solution.l Thisvsolutionyvas run through a very
smal}-Dowe#.A;l anion,resin.éoigmn”whichfﬁas,washéd.with an.eral volume of 1.5
N HCl. TUnder these conditions éver‘9Q% bf the radiﬁm.passedAthrOugh the
column while the-léad;anguﬁismuth,weré retainéd quantitatively.  This step
servedftq éurify the RaB?“, but in_ordef to keep it_pure-continuously during
measurémént'of the gamma rays the HC1l. solution was fed_diréctly into a small
cation resin column.(l—ingh long x 3/16-inchvouter diémeter) which,wés ﬁounted»
"between two éodium.iodide crystals;‘:By passing 1.5:M HCl through the column at
.8 .rate of 30-50 drops per mihute the bismuth and léad, as they grew in, were
continuously removed. l(The.radium also passed through the column slowly but
was retained long enoughAtd permit measuremént.) The»flow of dilufe HC1 also
kept the 52-sec. Rn?zo at & below-equilibrium level.

.The garma ray gpectrum_taken,inbthis‘manner;is;shown in Eig. ha...In
.addition to the prominéntvéaﬁma,rayrof RaZZh at 24l kev, peaks are seenza£7545

and 650 kev, with some evidence of an unresolved pesk around 400 kev. A : -

.detailed resolution of this 400 kev peak wasvnot'attempted, since it was found

©

to,be-much"eaéiervto.étudy.this gémma,ray in the coincidence spectra, as will

shortly be seen. -A gamma ray of 542 kev has been reported in the decay of

;anzovto'P021638 and for this reason,,it'was,suspected that the 545 kev peak
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in Fig. 4a was due to this isotdpe. ’This'sﬁSPiciOn was COnfirﬁed when the flow
of acid'through the column was stopped .and aftef'3 to 4 minutes the gamma ray’
spectrum retaken. This spectrum is .shown in Fig. hb;,and has-beeﬁ normalized
~to fhe'séme-running time‘as.Fig. La. The intensity of the 545 peak has |
increased by‘a factor of roughly five; ﬁhilé the 241 and 650 kev peéks_have
remained essentially constant. This-indicates_that.the 545 kev peak grows. into
the radium sample, and is very probablyvthe anzo gamma ray. On the other hand
this measurement shoﬁs conclusively that the 650 kev gamma ray éénhot belong to

anzo, 216 vhich will be in equilibrium with anzo.' Additional spectra

or to Po
showed that there were very prominent gamma rays of szlz and‘Biz-l2 which grew
into the radium saﬁple:a short time after the spectrum.of’Fig. 4b was taken.
Since the most intense of the léad.and.bisﬁuth peaks .are not seen in Figs. la
or kb, there can be no.observéble leadior biSmuth,contributions in these spectra.
Thus the only member of the Razzuﬁfamily to which the 650 kev gamma ray can
belong is Ra"zzl+ itself. |

Jt was possible to obtain_confirmatory evidence that the=650.kev gémmaAray
does belong to the Razzbr family.v It was mentioned earlier that at a flow rate
of 30 to 50 drops per minuteuthe radium remained én the column only for a limited
time (about 30 minutes). The-time~at which the rédium'eluted off the column
could be déterminéd precisély bybwatching the 2hl kév gamma réy. It was found
that in each of Severaivexperimenﬁg the 650 kev peak_diSappeared at just the
time the radium left tﬂe'éolumn;"Furthermdré, in these ékpefiments'tﬁe fadiUmv
was oﬁtained by sﬁccéésiﬁély-milking theisame.-Th228 soufce; so that the 650 kév
gamma ray must belong{to an.isotdbe which repeatedly growé into this source.

It therefore seems very likely that this gamma ray belongs in the decay of Ra M.
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It is difficult to cal;ulate_ﬁhe‘abundagce of the 650 kev gamma ray from
these experiments. Comparisoq of peakzhgights of the 650 and_zhl kev photons
could hét yield accurate resulfs because absorbers were used toAattenuate
stfongly the 241 kev photons in order that the high counting raternqt overload
the electronic system. It is, however, possible to obtain a good intensity ratio

220 ;na the 650 kev peak ovaaZZA, since for

between the 545 kev peak of Rn
energies -this high the absorber: corrections are not large. The 650 kev photoﬁs
are thus‘calculated‘to be 4.8 * 0.5% of the 5L5 kev photons when the radon_is in
zequilibrium with tﬁe radium (Fig. Lb). In order to convert this ratio into an

abundance fqr the 650 kev gamma ray, the abundance of the radon gamma ray must

9

be known. The two values in the literature for this latter abundance are 0.3

220. The_first measurement was

and‘0.025 perceqta per alpha disintegration of Rn
the intensity of the'alpha group leading to the 650 ke& state and the second

was based upénga;meaSUrementﬁof;the.gammgwray abundance. These values are,
unfortunately, in poor agreement. For this reason an attemp£ was made to re-
determine the abundance of the 545 kev gamma ray. Because of difficulties which
will not be described here, these'expgrimentsbwere not very successfﬁl; however,
the number 1.2 X 10_3 photon per anzo alpha disintegration was obtained. This
number is probably accurate to within a factof of 2. The abundance of the 650

> per Razz)+ alpha decay.

kev gamma ray may then be calculated to be 6:x lO;
The gamma ray spectrum in coincidence with the 241 kev photons was also'

examined. This spectrum is shown in Fig. he, where peaksiof‘290 * 5 and 410 *

5 kev are seen. Theée two peaks, in about this relative intensity, appeared on

.each of seversl experiments using different methods of purification. Furthermore

when the continuous purification was stoppéd, it was observed thét these peaks
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did not increase iﬁ intensity, and, in fact, after the daughters had grown in
sufficiently it}was no longer possiblé to distinguiéh them. For tﬁese.reasons
the peaks ére-believed to-beiong,tg Razzh.‘ From the number of 24l kev phqton.
gates and a knowledge of the solid angle and counting efficiencies for the 290
 and:ﬁ1O kev peaks it was possible to calculate the abundances for these gamma
rays as 9 x 16'5 and 4 x J.O-5 per'Ra22LL alpha disintegration respectively. - The
limits of error.here,should again’be about a factor of two .and are large due
to uncertainties in the geometry of the continﬁous flow arrangement.

The decay écheme oftRazzu deduced from thé experiments debcribed here is
shown .in Fig. 5. Thé-650 kev level is‘defined,raﬁher unambiguously by the 410
 and 650 kev gammé rays, and intensity considerations. similar to thosé'mentierd_
previously in4discussi£g the Ra'222 deéay scheme rgle out -the possibility that
theA29O§kev transition terminates at the 650 kev level. Thus‘there seems to
be no reasonable alternative to,thg decéy SEheme shown in,Fig.S.

Rn’%2

The energy levels of,anzzgare populated -in the -alpha decay of naturally
s 226 226 o . . ;
occurring Ra . .The Ra used apparently was of high isotopic purity. .- Any
Ra228 present as an impﬁrity,Was below the limit of detection in these
fexperiments, sinée no gamma.réys that could be attributed to this isotope or

its family were observed.

Thefdécay'sequence of.Ra226 is shown belows

» 7 N ’ . v o
:R3226 a '>1Rn_22‘2 2 o 218 a sz:th B~ B > pi 21h B B Po? AR’ - >:Pb21 .
1622y 3.84 3m 27m 20m 1.6x10 s
' 22 6 el
- The technlqpe for 51ng11ng out the gamma rays ass001ated -with Ra decay.

itself is somewhat different than for the other radium isotopes dlscussed.
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Here the radon is not a serious problem because of its relatively_long hélfvlife

h0. ‘.

and because its most prominent gamma ray (510 kev) is in low abundance (7x10

' : 22
Ly andeizlh have abundant gamma rays and grow into any Rn 2

However, Pb2
present rather quickly. , The most suecessful process .devised is as follows.-

The bulk of the radioactivity due to the radon, polonium, bismuth, and
lead was removed from the radium simply by evaporating the/redium_solutions to
dryness in a centrifuge cone, and aliewing the cone to remain heated for a
period of several'hqurs. Thie removed the redon gas and permitted_the lead and
bismuth to decay. The radium (usually around a ﬁilligram) vas then dissolved in
a minimum of 1.5 Q‘HCl’and passed_threugh a .small Dowex A-1 anion resin eolumn.
TheAradium passed through but the bismuth and lead were adsorbed quantitatively.
The radium,solutien_from,the column was diluted.to several mi%liliters with a
solution buffered_te a pH of 5.0 to 5.5 with sodium acetate,_and-this buffered
.solutioﬁ was then intredueed.into the continuous flow solvent extraction |
apparatus. In tﬁis case the continuous purificatien was effected by extracting
.withvavo.h M thenoyltrifluoroacetone-(TTA) solution in beﬁzene. .Bismuth and
-lead.readily extract‘into ﬁhe benzene phase at this.pﬁ,‘whereas radium does not.
The ﬁixing chember was a small sintered glass funnel (with vertical wélis)_into
which the benzene phase was introdueed from_the-bottoﬁ.A.The tinj bubBLeseof'
benzene solution emergiﬁg upward from the sintered glass disk caused a rather
-thorough mixing'between the two phases, and the fact that the sintered glass-disk

was wet by the benzene prevented the aqueous radium solution from penetrating .

.

into it. The rate of flow was adjusted so that the benzene phase became con-
tinuous Jjust at the top of the funnel and hence could be drawn off leaving a

small hold-up of that phese_in the zone where rédiation detectoré were placed.
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With funnels one to two inches in diameter, flow rates of the order of 30 ml per
,minute,could.be‘used. The limifingAfeature of this process was a slbw build-upv
of lead and bismuth activity on the glass parts of the funnél;,so.that:after
about an hour it was geherally no longer uséful,tofcontinue-the.runs} The
-exact‘cause:of_thislbuild—up waé'never'determined,hbut.the troublesomé aciiﬁity
clearly remained in the funnel after tﬁe flow rate wés inéreased,to the point
-ﬁhefevthe aqueous,radiumisolutidn was éarried over into the waste container.

The gamma ray counters were arranged and shielded'éovthatvthey could_dbsérve
only the funnel.

226.obtained:in1the manneridescribed

One of the best gamma ray spectraAOfiRé
‘above is shown in Fig. 6. Gamma rays ascribed to,R3226 are observea’at;énérgies
of'26O,A420, 610, and probably L50 kev. We can_be.certéin,that none of these
peaks are due tovdaughter actiyities by the following reasoning. The only (and
,therejére‘mast intense) gamma ray known;in,eithen'Rﬁzzz‘or P0218,decay is the
one of 510 kev belonging:witH"anzz. .Since no peak in Fig. 6 at .this energy is
osserved, no-;intefference wouid.be expected from either of these two isotopes.
When the flow rate oijTA,solﬁtion was stopped, the first thing observed was
the extremely rapid growth of peaﬁs at 300 and 350 kev belonging to szlh‘

-Within a few minutes theée peaks overshadowed everything else in this energy

region; so that it is clear thaf»none of the othér'peaks in Fig. 6.céuld be due

to _szm_
‘Bismuth-214 could also -be observed to grow into the radiumuyhen the benzene

flow was .stopped, but this occurred much more .slowly than the growth of szlu.
-In therenérgy region shdwn_ithig. 6, thefbnly bismuth peak which could be

observed was .at 609 kev,‘hhich_energy was'notvdistingﬁishable from that of the
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610 kev peak shown in Fig. 6. .There are two rather conclusive arguments,

‘however; by which we can show that the 610 kev peak in Fig. 6 is not due to

.2l
Bi h. The first argument hinges on the counting rate registered in an

integrating channel which totalled all pulses whose energy was larger than the

region shown in Fig. 6. There are a number of higher—enérgy gamma rays in

21k

Bi™ " decay which would be recorded in this integrating channel. Thus, once
the bismuth had grown to the point where the spectrum of Fig._6 was no longer
discernible, the ratio of the peak height of the 609 kev gamma ray to the inte-

grating channel was constant, as would be expected since both are due predomihantly

L. 21 ‘ ’
to Bi h. If, then, we measure this ratio, we can come back to the spectrum of

Fig. 6 and obtain a maximum height of the BiZlu 609 kev gamma ray. In fact, we
can actually obtain a maximum height of the entire BiZluvspectrum, and this

maximum has been indicated in Fig. 6. Below about 350 kev this has no sig-

1k

nificance since Pba is the chief contaminant, and the two are clearly not in
equilibrium. The second argument that the 610 kev peak in Fig. 6 is not due to

Bi'ZllL comes from consideration of the expected background frqm,energy gamma rays

of BiZlh. Under -the conditions of the experiment these will give rise to a

rather flat distribution at energies above 610 kev of about half of the intensity
of the 609 kev peak. At all times when the Bi214 spectrum was observed this

continuum was present, but it is clearly not present in Fig. 6. Since the

' 21
half-life of POZlu is so short, it would always be in equilibrium with Bi h,

and the arguments given above against any significant contribution of BiZlu to

21
the spectrum of Fig. 6 also pertain to Po A.
Although it is rathér-easy to show that the peaks in Fig. 6 are not due to .

the daughter. of Ra?26, it is not easy to prove that they are not due to any other
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possible contaminant. Perhaps the best éviden¢e~in_this.regard is that,these.
same peaks appeared when a differént,chemical purification was uséd (the §olumn
technique described in the sectionvoanaZZh). The spectra were not nearly as
good as that of Fig. 6, but there was good evidence that at least the 260, 420,
and,6lQ kev peaks were present. Also, as we will mention léter, some of these
gamma rays are tied together by coiﬁcidence measurements. ‘Finélly,‘we Ean say.
that iﬁ was not'possible»to think of any imburity Whose.chemical‘and nuélear
properties could have given these results. Thus we feel reasonably confident
in,aséigning the garma rays,tobRa226.~

As in the case ofiRazzl‘L decay, the determination of the gamma ray inten-

sities was a .difficult problem. The 188 kev photon could function as a standard

but large amounts of absorber were necessary to reduce its intensityvto thé
pointkwhere the counting equipment worked well, and the qorrections are always
uncertain where large attenuations:-are iﬁ&olved. The best relative intensities
have been éollected in Table III. In_order‘to convert thesebto absolute
intensities, it is necessary to know the intensity of the 188 kev photons.
Using an alpha abundance of 5.T7% to the 188 kev level,lo and a conversion
coefficient of 0.80 for the 188__kev_transition_,l,l’l2 the abundances given in
the third row of Table III were calculated. The intensity of the.26O kev.gamma
ray could be determined with reasonable precision (estimated 20%) because its
relatively high abuﬁdaﬁce permitted its comparison with the 188 key gamma ray
using small samples with little or no absorber. Concerning the higher-energy

gammavrays,_it.would be very difficult to obtain .a meaningful limit of error.

‘We would estimate, however, that the absolutevabundances should be accurate to .

within a factor ofvﬁﬁo. The relative intensities of these three gamma rays

should be somewhat bette; than this.
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Table IIT
. Gamma rays of R3226

Energy(kev) . 188 2605 ‘ 42045 450£10(2)  610%5
Relative _ _ -3 I _5' : -
intensity. 1 2.9x10 2.1x107 9x10 7 3.3x10
Absolute _ |
intensity .- ' L ¥ : : : . '

-2 -4 -6 -6 -5
per alpha 3.2x10 (0.9+0.2)x10 7x10 3x10 1.0x10
" , :

From previous data.(see text)

It was diffiCUlt‘to’ﬁake coihcidence measurements on R3226ABéCaﬁsé of the
sévére’counting—raie liﬁitations of the-eqﬁipment.‘ We can.say‘definitely,f
however, that the 188 and 260 kev transitions are in boiﬁéidehce; as was found
by Harbottle et al. Also there was good indication that the 420 kev peak was
in_coincidence'with’l88 kev transition; whereas the 610 kév‘péék was not. Tt
is not possible to be certain of thése conclusions howe&er, and no data could
be obtained on the 450 kev transition.

‘A1l of the observed gamma rays fit well into a.level scheme_of anzza
Harbottle et al. have already concluded that there must be a level at LuU8 kev,
and the present data strongly support thatvcoﬁclusion. It is very unlikely =
that the 610 kev transition terminates anyﬁhere but the ground state, because
of the sUperallowed—alpha-transition arguments'which‘have been mentioned pre-
viously. .Thus, a level is defined at 610 kev, and the 420 kev transition fits
well between this level and the one of 188 kev. If the 450 kev gamma ray is
real, i£,$eems'likely'that.it'répreSents'the crossover transition from the L48
kev level to the ground state. The level pattern of Rn222 from the decay of

226

.Ra is shoyn in Fig. 7.
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SPIN ASSIGNMENTS

VIn addition to the aata previously mentioned, Fig.»8 contains the -
suggested,spin assignmeﬁts to be discussed/here, and the‘ﬁhindrancg factors"
for alpha decay to the various levels. - A hindrance factor for alpha decay in
an even-even nucleus 1is defined as the ratib of‘thé experimenﬁal alpha halfg
life to a given level, divided by the half-life which is caléulated.usiﬁg the
one~-body model of’alpha'decay and assuming decay to the ground state is
unhindered (HFEL).lS:‘Thus, in effeét, the one-body model of alpha decay is
used to remoVe.the energy dependence for.alpha.ém%ssion, and a "reduced alpha
transition probability" is»obtained whose inverse is the hindrance factor. The
hindrance factor, as defined here, is independeént of the spin of the excited

state. Since.all even-even nuclei undoubtedly have thé:same spin and parity

(0+), one might expect that the hindrance factors for decay from this level to-

a giveh(type of level in the daughter nucleus would vary in a systematic

manner with the parent nucleus.' This criterion in addition to gamma ray data

will be ap@lied in making spin assignments for the radon.isbtopes”

14,15

The first excited states of each of the radon.isotopes has been pre-

viously shown to have spin and parity 2+ from alpha particle-gamma ray angular

correlation measurements. These assignments are supported, again in each case,

by conversion coefficient.data;7’l6’l7 so that the 2+ character of the threé

first excited states seems firmly established. The hindrance factors for

alpha decay to these levels~arevl.0, 1.1, and 0.9 for Razzz, RaZZM,'and Ra226

. respectively. Since the three levels involved here seem to be analogous levels

in each of the three radon isotopes, it is not surprising that these hindrance’

factors are similar.
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G. Scharff-Goldhaber has suggested that the 450 kev level of Rn222 is a

.state analogous to the second excited state éf §ther even-even nuclei in the
near-harmonic regions. :This assignment is based on fhe ratio of the energy of -
this state to that of the first excitedAstate-(Z.&O), and on the mode of de-
excitation of the level (predominanﬁly to the first excited state). Two
factors in £he present work tend to support this assiénment;. The first is the
poésible weak gamma ray to the ground state, which would rule outvspins of O+
or L+ for the 450 kev level. The second factor -is thatvlevels analogous to
this one seem to appear in Rh218 and.RnZZO at,650 and'530 kev réspectively.
- In these cases the ratios of the energy of the level to.that of the first
excited stateiare 2 OO and 2 25. respectlvely, and again the observed decay of .
the level is to the-flrst ex01ted.state. Thus, although the evidence 'is not
entirely’qo?vincing, we shall tentatively assign spin and parity 2+ to these
three levels.

The alpha hindrance factors to these second z+ states aréblS, ~lh, and
~6 for Ra?zz,.RaZZM, énd R3226.decay'respectiveiy; Although these vary by a
factor of'three, this is not considerédAdisturbing. vOther cases are known iﬁ
which hindrance factors to analbgous levels in adjacent evenréven nuciei differ
by a factor of two. It sﬁould‘also be. pointed out that both in even-even
nuclei and in odd nucleon_cases; hindrance factors to non-analogous states can
differ by factors of tens, hundreds.and thousands. vIn this respéct, there is
no 1ncon51stency with assigning s1mllar character to the three levels. It‘is
perhaps of 1nterest to point out that 1f the 450 kev gamma ray. of an ? is real
‘and does represent.the transition from_the_second 2+ state.(2'+) to the ground

staté,:then ﬁhe_reduqed_transition probability_ratio is:
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2'+ —> 0+
B(E2)2‘+ —> 2+

B(E2)

=2 x 1073,

This assuﬁes, in addition, that both transitions are predominantly E2, as is
generally fbund to be the case with near-harmonic nuclei. Although it shoﬁld
be clear that thisvnumber is qgite tentative, it is, nevertheless,.in_the range
fouﬁd for other near-harmonic even-even nucléi. |

In each of the radon isotopes there is a level which decays both to‘the-
ground state and to the first-excited staté. These levels lie at energies of
800, 650, and 610 kev for Rn218, Rn?zo, and anz\"2 respectively, and have alpha
hindrance factors of 0.9, ~2.6, and 2. These similarities again'éuggest that we
are dealing with an analogous level in each of the three isotopes. Since each .
of these states de-excite to states of spins O and 2, the only reasonable values
for the spin would be 1 or 2. Furthefmore, since eagh is undoubtedly populated
directly by alpha decay (from a O+ parent ground stéte), it muét_have spin and
parity either 1- or 2+ (£ =1 or =2 alpha wave). Of these possibilities we
prefer a 1- assignment for the following feasons. Staies having spin and parity-
1- are known to occur systeﬁaticall&jin rédium and thorium isotopes of this
fegion. The hindrance factors_forﬂalphavdecéy to these levels decregse quite
uniformly with decreasing mass number from a high.of around 500 for U23LL decay
(heéviest’uranium isotope known to populate a 1- state) to 4 for Th226 decay
(1ightest thorium isotope for which information is available).mS Thus hindrance
factors in the rangé 0.9 to ~2.6 for the decay of the radium isotopes to these
1- states.seem.qpite réasonablé. ‘One of the most characteristic. features of

the 1- states is their de?excitation:to‘the O+ and 2+ .states respectively with

El reduced transition probability ratio always 0.50 within experimental
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uncertainty.l8 This has been interpreted to indicate that K, the projection of
the spin on the nuclear éymmetry axis,:is;zero for these levels.18 If ‘we
examine the data on this point for the radon levels under consideration here,

we find that B(El)l_>O/B(El)l_>2 is 0.7#0.2, 0.430.2, and-0.5£0.2 for anla,

22 2 . :
an O, and.an2 respectively. Again these data support the 1- assignments. .

The only level. not yet considered is the one at 850 kev in,RnZlS,.,The
ratio of the enmergy of this level to that of the first excited state (2.6),
and the alpha hindrance factor (8) suggest that this may be the L4+ member of

the ground state rotational band. -We have tentatively made this assignment.

DISCUSSION

. There is now aVailable a considerable amouﬁﬁ_of informatioh on the
‘excited states of everi-even nucléi in thé heavy—elément_reéidn. ‘Most of ‘this
informationvis summarized-in,Figs;'Q and 10. .Figure'g is a plot pertaining‘to
some of the eval-parify gtétes énd'éonsists of the ratios of enérgies of these
 states to the first excited (2+) state. Plots similar to this have been giveﬁ
_by'Scharff—Goldhaber6tandaSheline,l9  In the rétational‘rggion, the familiar
bt/2+ ratio of 3.3 sﬁowing the I(I+1) energy'depenéence is seen (ldWeraCurve)Q
-Higher memberé of ﬁhisiground sﬁate rotatiénal.baﬁd'are'not shown. At higher
-energies.two different intrinsic states are seeﬁ ahd these have been attributed
.to.beta_vibratiénal states (0'+) and gamma vibrational states (2'+) predicted
at aﬁout these energies by Bohr and.Mbttelson.Zo (Rotational‘leVels baséd upbn
these states are hot plottéd.) A reason for the ‘apparent sharp drop in .energy
5k

for the gamma vibrational band .in,Fm2 has not been suggesteéd, however.
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‘The region of particulgf interest heré is that between mass numBérL2i6 and
.228. Scharff-@oldhaﬁer has éuggested-that'a rather sharp transition‘iﬁ the
character of these energy*levels.occurs;petween proton numbers: 86 (radon) and
88 (radium). However , if our aésigﬁment of the h+.staté in RHle is cofrect?
.the behayior of thisylevel through%thevébove region is rather uniform. It
cannot 5e ascertaiuedehetﬁer a sharp change in the 2'+ or O‘+'states occurs “
until’the”position,of'these levels in some of the radium isotopes is known. -
.I%vthé.dqwnward tréndagf_the d‘+ state in Th230 is;chrect,va.sharp bfeak‘in
vthe‘position;of'this level seems rather unlikely. Furthermore, the energy of
the first excited state (broken lines in .Fig. 9) is quite smooth thréﬁghout
this region. Our conclusion, then, is that a sudden chénge in the character br
energy of the levels does not seem likely, although there are.not yet 'sufficient
data available to be certain of thisvconcluSiqn.‘

Figure 10 is similar.to Fig. 9 e#cepttfhat odd;pariﬁy levels afe conéidefed.
The-data.on:the 2= levels.are fragmentary, and it is not yet at all certain that
any of these levels really have sﬁin and parity 2-; so that they will not be
discussedl Thé l-,statés:are quite well éstabliéheq, howe&er., iﬁ Fig.:lo the
lines connect the points for a given element, aﬁd there is evidence of a break
between thé radon and radium isotdpes.. Oﬁ the othef.hand‘a break of similar
magnituqé Qccursvbetweeﬁ_radiﬁm and fhorium; so thaflprobably_fhié only indicates
that the positionof these levels depends on both the pfoton and the neutron
number. It has been suggesﬂed that these 15 leVeis are due to collective
bctbpole vibrations; howevér, a satisfaétory explanation for tﬁe éha?p dip in
the energy of these levels in the region of radium and thorium has not yet been
given.

This work was performed under the auspices of the U.S. Atomic Energy Commission.
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