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ABSTRACT 

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

222 	224 	226  
decay Ra 	, Ra 	, and Ba 	. Excluding the prominent transiton.s from the 

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

of the observedraditions were: Ra 222 : 325 key (8.4 x 10 5 ), 475 key 

x io 5 ), 525 kev (2 x 	and 798 key (2.5 x io); Ra224:  290 key 

(9 x 10), 410 key (4 x lO s ), 650 key (6 x iO); Ra226:  260 key (0.9 x 

420 key (7 x 10_6), 450 key (3x 10-6), 610 key (1.0 x 10 5 ). The observed 

gamma-gamma coincidences were Ra 222 325 - 3 25 key,  325-475  key, and 325-525 key; 

Ra224: 241-290 key and 241410 key; Ra226:  188-260 key and 188-420 key. It was 

not strictly determined that th.e Ra 222  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: R11218:  650 key, 2+; 800 key, 1-; 

and, possibly, 850  key, 4-i-. Rn 220 : 530 key, 2+; and 650 key, 1-. Rn 222 : 448 key, 

F 	 220 	222 
.2+; and 610 key, 	 i 1-. The 2+ states n Rn 	and Rn 	have been previously assigned 

byScharff-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. 
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INTRODUCTION 

..A high degree of regularity has been observed among the energy level 

patterns of the even-even nuclei in the heavy element region. 1 From the very 

heaviest elements (californium and fermium) down through the isotopes of radium 

the only energy levels found below about .1 14ev are those belonging to the ground 

state (even parity) rotational band,'.and to a rotational band (odd parity) based 

on a state having spin and parity 1-. (The implication that there are no 

particle states differing from the ground state below "1 .14ev in even-even nuclei 

has itself been the subject of important theoretical developments. )2  For 

elements lower than  radium there was little 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. 

It was known •from other work 3  that the first excited states of Rn218 

220 	222 Rn 	, and Rn 	were at energies of 325, 21-1, and .188 key respectively. 

These energies are considerably larger than are found for the tranuranium 

even-even nuclei, where all the first excited states liebetween 40 an.45 

key. The rise in energy of this presumably analogous state is very.regular 

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

within the radon isotopes, themselves, a sharp rise in energy is observed in 

progressing to lower neutron numbers. The only additional information 

available on the energy levels of the radon isotopes is some recent .work on 

Rà226 decay by .Stephens and .by Harbôttle, McKeown and Scharff-Goldhaber. 
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Stephens (in a preliminary report of this work) observed a gamma ray of 255  key 

in coincidence with Ra226  alpha particles, and Harbottle et al. shbwed that this 

gamma ray had an energy of 260 ± 3 key and was in coincidence with the 188 key 

transition. Thus, .a level is defined at .150  key which Scharff-Goldhber 6  has 

suggested to be a state with spin and parity 2+. This state is presumed to be 

analogous to the 2+ second excited states in those isotopes further dom in 

the periodic table which lie between 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 iñ.just the region of the radon isotopes. 

.218 	.220 
In the presentwork we have examined the level schemes of.Rn ,.Rn , and 

Rn222  as they are populated by the alpha decay of their respective parent radium 

isotopes. Since the alpha groupsleading to the levels of interest were too 

weak to observe directly, the level schemes were inferred from studies made on 

the gamma rays accompanying the alpha decay. Sodium iodide (Ti) crystals 1-1/2 

inches in diameter by one-inch thick were used in a coincidence array with pulse  

height discriminators to analyze tIie energies. A single channel pulse-height 

analyzer receiving the output from one of the crystal assemblies could be used 

to provide the gating pulse for a 50-channel analyzer connected to the other, 

making possible a variety of coincidence experiments. This apparatus has been 

described in detail elsewhere. 	The.principal difficulty in these mea.suremeits 

was in obtaining sufficient separation of the radium isotopes from 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 

isotopes, they will be discussed individually in the appropriate sections. 
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EXPERIMENTAL' 

218 
Rn 

218 
Information on the energy levels of Rn 	may be obtained by studying 

222 	 222 Ba 	, a 38-second..alpha.emitter. Because of this short half-life Ba 	cannot 

convenient be isolated for study. It may, however, be obtained in :equilibrium 

-. 
•with its. 31 minute parent, Th 226 , which in turn can be kept in equilibrium with 

i 	 230 	 230ts parent, 21 day U , or readily separated therefrom. The U 	used in this 

232 
work was prepared by bombarding Th 	with 100 .Mev protons on the 184-inch 

cyclotron. . The 18-day P 23°  so formed was allowed to .atd for about a month, 

after which the U23°  was remOved from it. Protac.tinium-230 decays by 

emission .to U230  to the extent of 15%; the other 85% decays by electron 

capture.'3  

The chemicalpurification of the U23°  consisted of a combination of ion 

exchange and ether extraction techniques. The thorium target was disso3ed in 

.10 M HCl to which a few drops of hydrofluosilicic acid had been added. This 

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

uraniuni.and protactinium under these conditions, while the thorium .passes 

through. The uranium. fraction, free from thormum, was eluted from .the column 

in .l.li- N lid, during which a partial separation.between uranium and protactinium 

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

uranium sep.rated from the protactinium by extracting with ,ethe,r in. contact 

with an .aqueous layer s.aturat.ed with NII 1 NO3  and slightly acidified (0.007 M 

rnw3 ). Re-extraction.of the aqueous laye.r and washing of the ether layers with 

saturated NliNO3  produced a uranium fraction Of good purity. The uranium was 

removed from the ether by washing .with .a small portion .ofdistilled water. 
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'The U230  produced and isolated in this manner contains appreciable amounts 

232 or 	from the decay of .P 23  formed in the bombardment along with the Pa 230 . 

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

of this isotope (Th228 and family) are very polific gamma-ray emitters and did 

interfere. Since the Ilf iieoTh228  is 1.9 years and that .of .m226  is 31 

minutes-a tractable ratio could be achieved,.by oleaning the uranium of thorium 

(by ion exchange separation) a short time-before measurements were to be made. 

The.source ptepared by this method had.an  Intensity of about 106 alpha 

disintegrations per minute. 

The alpha-particle and gamma-ray spectra of U230  and its daughters have 

been the subject of a. previous paper, 7  añddll not be reviewed in detail here. 

Briefly: the decay of U23°  is .accothpanied by several gamma rays of energy 

less than 250 key all of which have been well placed in ,a level scheme .; .a 

closely-analogous level structure of Re 222  was deduced from the alpha- and 

. 	. 	 . 	. 	 . 	. 
gamma-spectra of Th 

226 	 222 
the spectra ..of Ha 	revealed, a single excited state in 

218 	 218 	 214  
i 	

. 
Rn 	at .325 key and from Rn 	decay the 690 key state n Pp 	(previously 

21 known from Bi 	beta decay) was.seen. The preent.work is concerned.with new 

low intensity gamma rays belonging to the excIted states of.R2l8,  in addition 

to the 325 key gamma ray which leads from the first excited .state (2+) to 

ground. 

-Figure 1 shows the gamma-ray spectrum of the U 230  family for the energy 

interval 400 to .1000 key. In addition to the gamma ray of 325 and .609 key, 

which have already been shown to belong with the  decay of Ra 222  and Rn218 

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

.of a peak around 500 key, although its energy and shape are not well defined. 
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In .a sample of :Th226 separated from U230 , these same two peaks appeared, 

230 proving that these gamma rays are not due to U 	decay, itself,  

Coincidence measurements were also made, and in Fig. 2, the photon spectrum 

222 in coincidence with the 325 key gamma ray of Ra 	decay is shown. There a peak 

of the same energy as the gating photon appeared (325 key) and also a complex 

peak around 500 key, which is best resolved into a gamma rayat 475 kevwitha 

less intense component, at 525 key. The intensities of these gamma rays are 

shown in Table 1 and are based upon the value 3.6% for the intensity of the 

325 key y. 	It is seen that the abui dance of the peak at 500 key in the gamma 

ray spectrum corresponds well with the sum of the abundances of the .175 and 525 

key photons observed -in the coincidence run. 

Table I 

226 
Gamma rays in the sTh 	family 

Gamma energy 	Intensity per alpha;.based on a 
.kev). 	 single alha emitter 

Gamma ray 	 798 ± 5 	 2.5 ± 0.4 x l0 
spectrum 	. 	;500 	 1± 0.3x 10 

In coincidence 	 325 ± 5 	 8.4± 1.5x 10 
with .325 key 	 475 .± 10 	 7 ± 2 x .10 - 5 
gamma ray 	 525 ± . 10 	 2 .± 1 .x l0 5  

It has been shown fairly conclusively that the 800 and 500 key gamma rays 

belong in the Th226  family, since they were repeatedly obsered in samples of 

. 226  Th 	milked from.1 230  sources, and in..every case debayed.with the .31 minute 

half-life of:Th226  It was not possible, however, to show unambiguouly by 

these measurement to which member of this. family they belong. The .seres is 
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210 	 226 
essentially terminated ..at .22year.Pb 	; so four possibilities exist: Th 

222 	.218 	2111. Ra 	
Y. Rn 	and P0 	Since the coincidences observed were with a gamma ray 

known to be in the Ra 222  decay scheme, it is assumed that the three gamma rays 
"V 

seen in this manner belong also to Ra 222 decay. The 798 key gamma ray is 

nearly exactly the energy of the sum of the 11.75 and 325 key transitions, which 

have been shown to be in coincidence with each other, and hence it seems likely 

that this gamma.ra,y represents the crossover transition. it should be 

emphasized that these assignments are not proved experimentally, but it will be 

seen that if.they are correct they lead to a readily interpretable level scheme 

218 	 . 	. 	 220 
of Rn , and one which resembles very closely the level..schemesofRn 	and 

222 
Rn 

Once it has been concluded that.the gamma rays belong in the decay of 

Ra222 , construction .of the decay scheme IS: not .difficult . The gamma rays of 

energy 32, 11.75, and, .52.5  key, all of 'which .are. in coincidence with the .325 key 

transition, must t?rminate at the 325 key first excited .stae of Rfl218.  That 

no two of these can be in. cascade with each other is convincingly proved.hy 

cpnsidering alpha decay theory. If, for example, the two .325 key and the 475 

key transition were in cascade a level would be defined at.1125 key. The 

intensity of the 475 key gamma ray of 7.x 10 5 would demand that this level be 

populated through alpha' decay of.R 222 .toat least that extent. This required 

alpha branching is more than an order of magnitude greater than would be 

expected for unhindered alpha decay characteristic of ground state transitions 

of even-even i nuclei. ..'"Superallowed" alpha transitions defined in these terms 

have never been observed. 
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The level scheme of 
218 
 which. is consistent with the information .at hand 

is shown in Fig. 3 andconsists of states at 650,800 and 850 key in addition 

to the first excited .sate at 325 key previously observed. The spin and parity 

assignments. indicated will be discussed later. 

220 	 - Rn 

	

The energy levels of Rn 220 
	

i may be studed from the alpha decay of Ra 224  

This isotope has a 3.6-day half life, and is a member of the naturally occurrring 

thorium family in which its immediate parent, 1.9y.ear Th228  serves as a con- 

• venient source. The separation of .Ra22  from  m228  is accomplished readily, and 

its half life (3.64 days) is convnient for measurement of the radiations. 

However, the'descendents of .Ra22  grow in rapidly and among these are products 

• with gamma rays in high intensity. The decay series is as follows: 

22 11. 	a 	220 	a 	216 	a 
Ra 	 >Rn 	 >Po 	 > 

	

3.64 day 	51.5 sec. 	0.158 sec. 

Po 212 

212 - 	212 	 208 
Pb 	 > Bi 	. 60.5 mm. 	sec. 	Pb 

106 

' a mm.  

220 	216 	212 
In first  approximation.Rn , Pol and Pc 	are nottroublesome because .thei 

gamma rays are in low intensity but Pb 212  and B!212  must be removed rigorously. 

It ..willbe seen however that once these radiation sources are.eljminated the 

220 
relatively low intensity 545 key gamma ray accompanying Rn 	decay becomes 

2211. 
limiting. Since we are concerned with gamma rays from Ba 	decay with inten- 

sities of a few parts in 10 or less it can readily beshown thatsome type of 

continuous purification ou1d be necessary.. 	• 	. 
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Of several continuous flow processes tried, the most successful will be 

. 	 228 described. The Ra 221i.  was first milked from Th 	using a Dowex-50 cation resin 

column. The m1xture of activities was put on the column in about 0.5 N 11NO 3  

and .elution with ii- N HNO
3 
 brought the r.dium through in the first few column 

volumes leaving the thoriuin.on the column quantitatively. The •±adium solution 

(containing lead and .bismuth).was then.evaporated to dryness and redissolved In 

about 0.2 ml of a 1.5 N HC1 solution. This solution was run th.rough a very 

small -Dowex A-1 anion-  resin column which was washed with an equal volume of 1.5 

N HCl. Under these conditions over 90% of the radium passed through the 

column while the lead and bismuth were retained quantitatively. This step 

served 	 2 	
i to purify the Ra . , but n order to keep it pure continuously during 

measurement of the gamma rays tht HC1. sOlution was fed, directly into a small 

cation resin column (1-inch long x 3/16-inch outer diameter) which was mounted 

between two sodium Iodide, crystals. By passing 1  .5,M"HC1  through the column ,at 

a rate of.30-50 drops per minute thebismuth and -lead 5  as they grew in, were 

continuously removed. (The radium also passed through the cOlumn slowly but 

was retained long enough to permit measurement.) The flow of, dilute HC1 also 

.220 kept the 52-sec. Rn 	at a. below-equilibrium 1evel 

The gamma ray spectrum taken in this manner is .shom in Fig. 4a. In 

addition to the prominent gamma ray of 'Ra 	at-21 key, peaks are seen at 545 

and .650 key, with some evidence of an unresolved peak around .11.00  key. A 

detailed relution of this .400 key peak was not atteited, since it was foun,d 

to.bemuch.eas.ier to study this gamma ray in the coincidence specra, as will 

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

220 	' .2168 Rn 	to Po , and for this reason,, it was suspected that the 545 key peak 
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in Fig. 4a was due to this isotope. This suspicion was confirmed when the flow 

of acid through the column was stopped and after 3 to 1  iinutes the gamma ray 

spectrum retaken. This spectrum is shown in Fig. 4b, and has been normalized 

to the same running time as Fig. )-a. The intensity of the 515 peak has 

increased by a factor of roughly five, while the 241 and 650 key peaks have 

remained essentially constant. This indicates that the 515 key peak grows into 

220 
the radium sample, and is very probably the Rn 	gamma ray. On the other hand 

this measurement shows conclusively that the 650 key gamma ray cannot belong to 

220 	 216
i 	

220 
Rn , or to Po 	which will be n equilibrium with Rn . Additional spectra 

212 	212 
showed that there were very prominent gamma rays of Pb 	and Bi 	which grew 

into .the radium sample .a short time after the spectrum of Fig. 4b was taken. 

Since the most intense of the lead and bismuth peaks are not seen in .Figs. 4a 

or 1+b, there can be no observable lead or bismuth contributions in these spectra. 

Thus the only member of the Ra 
224 

 family to which the 650  key gamma ray can 

belong is Ra224  itself. 

It was possible to obtain confirmatory evidence that the 650 key gamma ray 

does belong to the Ra22  family. It was mentioned earlier that at a flow rate 

of 30 to 50 drops per minute the radium remained on the column only for a limited 

time (about 30 minutes). The time at which the radium eluted off the column 

could be determined precisely by watching the 241 key gamma ray. It was found 

that in each of several experiments the 650 key peak disappeared at just the 

time the radium left the column. Furthermore, in these experiments t1ie radium 

was obtained by successively milking the same Th228  source, so that the 650 key 

gamma ray must belong to an isotope which repeatedly grows into this source. 

22  It therefore seems very likely that this gamma ray belongs in the decay of Ra. 
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It is difficult to calculatethe abundance of the 650 key gamma ray from 

these experiments. Comparison of peak heights of the 650 and 241 key photons 

could ot yield accurate results because absorbers were used to attenuate 

strongly the 241 key photons in Order that the high counting rate not overload 

the electronic system. It is, however, possible to obtain a good intensity ratio - 

between the 55 key peak of Rn22°  and the 650 key peak of 
Ra22,  since for 

energies this high the absorber: corrections are not large. The 650 key photons 

are thus calculated to be 4.8 ± 0.5% of the 5115  key photons when the radon is in 

equilibrium with the radium (Fig. li.b). In order to convert this ratio into an 

abundance for the 650 key gamma ray, the abundance of the radon gamma ray must 

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

8 220 
and 0.025 percent per alpha disintegration of Rn . The first measurement was 

the intensity of the alpha group leading to the 650 key state and the second 

was based upon a.measurementofthe gamma ray abundance. These values are, 

unfortunately, in poor agreement. For this reason an attempt was made to re- 

determine the abundance of the 545  key gamma ray. Because of difficulties which 

will not be described here, these experiments were not very successful; however, 

-3 	 220 
the number 1.2 x 10 photon per Rn 	alpha disintegration was obtained. This 

number is probably accurate to within a factor of 2. The abundance of the 650 

key gamma ray may then be calculated to be 6::x 10 per Ra 	alpha decay. 

The gamma ray spectrum in coincidence with the 211 key photons was also 

examined. This spectrum is shown in Fig. 4c, where peaks of 290 ± 5 and )i-lO ± 

5 key are seen. These two peaks, in about this relative intensity, appeared on 

each of several experiments using different methods of purification. Furthermore 

when the continuous purification was stopped, it was observed that these peaks 
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did not increase in intensity, and, in fact, after the daughters had grown in 

sufficiently it was no longer possible to distinguish them. For these reason 

224 the peaks are believed to belong. t 	From the number of 2I1 key photon 

gates and.a knowledge of the solid angle and counting efficiencies for the 290 

and )10 key peaks it was posible to calculate the abundances for these gamma 

- 5 	-5 	224  rays as 9 x 10 and )- x 10 per Ra 	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 continuous flow arrangement. 

The decay scheme of Ba 224  deduced from the experiments decribed here is 

shown In Fig. 5. The  650 key level is defined rather unambiguouslyby the 410 

and 650 key gamma rays, and intensity cbnsiderations.similarto those mentioned. 
222 previously in discussing the Ba 	decay scheme rule out the possibility that 

the 290 key transition terminates at.the .650 key level. Thu.s there seems to 

be no reasonable alternative to the decay sàheme shown in Fig. 5. 

Rn 
.222 

The energy levels of.Rn222  are populated in the alpha decay of naturally 

occurring Ra 226 .  The.Ra226 used apparently was of high.isotopic purity. Any 

228 
Ra 	present as an impurity.was below the limit of detection in. these 

• 	experiments, since no gamma rays that could be attributed to this isotope or 

its family were observed. 	 •• 

The decay sequorce ofRa226  is shown .belw 

Ra226 a 
> Rn222 a > p02l8 	p2llI- 	Bi 	p 2lll 	a 	> 210 

1622y 	3.8d 	3m 	27m 	.20m 	.1.6x10 s 

The .teclmique for singling out the ga.na rays a:ssoc.iated with R226  decay. 

itself lb somewhat different than for the other radium isotopes discussed. 



UCRL -8996 

Here the radon is not a serious problem because of its relatively long half life 

and because its most prominent gamma ray (50 key) is in low abundance (1xlo). 

2l1 	2l)- 	 222 
However, Pb 	andBi 	have abundant gamma rays and .grow into any Rn 

present rather quickly. The most successful 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 radium solutions to 

dryness in a centrifuge cone, and allowing the cone to remain heated for a 

period of several hours. This removed the radon gas and permitted.the lead and 

bismuth to decay. The radium (usually around a milligram) was then dissolved in 

a minimum of 1.5 N HC1 and passed through a small Dowex A-1 anion resin column. 

The radium passed through but the bismuth and lead were adsorbed quantitatively. 

The radium solution from the column was diluted to several milliliters with a ,  

solution buffe'red. .to a pH of 5.0 to 5.5.with sodium acetate, and this buffered 

solution was then introduced, into the continuous flow solvent extraction 

apparatus. In thiscase the continuous purification was effected by extracting 

with a O.li. M thenoyltrifluoroacetone (TTA) solution in benzene. Bismuth and 

lead readily extract into the benzene phase at this pH, whereas radium does not. 

The mixing chamber was a small sintered glass funnel (with vertical walls) into 

which the benzene phase was introduced from the bottom. The tiny bubbles of 

benzene solution emerging 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 just at the top of the funnel and hence could be drawn off leaving a 

small hold-up of that phase in the zone where radition detectors 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 limiting feature of this process was a slow build-up 

of lead and bsmuth activity on the glass parts of the funnel, so that after 

about an hour it was gen.erally no longer useful to continue the runs. The 

exact cause .of .this build-up was never determined, but .the troublesome acivity 

clearly remained in the funnel after the flow rate was increased to the point 

where the aqueous radium solution was carried over into .the waste container. 

The gamma ray counters were arranged and shieldèd o that they could.observe 

only the funnel. 

One of the best gamma ray spectra .of:Ra 22  obtained in,,the inannerdescrbed 

above is shown in Fig 6 Gamma rays ascribed, to Ra226  are observed at energies 

of 260, 420, 610, and probably 450 key. We can be :c'tajnthat none of these 

peaks are due to daughter activities by the following reasoning. The only (and 

222 	218 
therfre most intense) gamma ray known in eithe Rn 	or Po 	decay is the 

one of 510 key belonging witliRn222 . Since no peak in Fig. 6 at this energy is 

osserved, no •:iitererence would be expected f1'om either of these two isotopes. 

When the flow rate ofTTA solution was stopped, the firt thing observed was 

the extremely rapid growth of peaks at 300 and 350 key belonging to Fb 211 

Within a few minutes these peaks overshadowed everything else in this energy 

region; so that it is clear that none of the other peaks in Fig. 6 .culd be due 

li- 
toPb 2l  

Bismuth-214 could also be observed to grow into .the radium yhen the benzene 

flow was stopped, but this occurred much more slowly than the growth of Pb. 

In the energy region shown in Fig. 6, the .ouly bismUth peak whichcould be 

observedwasat 609 key, which energy was not distinguishable fromthat of the 
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610 key peak shown in Fig. 6. There are two rather conclusive arguments, 

however, by which we can show that the 610 key peak in Fig. 6 is not due to 

Bi2. 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-energy gamma rays in 

Bi 214 . 	
i decay which would be recorded n 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 key gamma ray to the inte-

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

214 
to Bi 	. If, then, we measure this ratio, we can come back to the spectrum of 

214 
Fig. .6 and obtain.a maximum height of the Bi 	609 key gamma ray. In fact,.we 

214 
can actually obtain a maximum height of the entire Bi 	spectrum, and this 

maximum has been indicated in Fig. 6. Below abput 350 key this has no sig-

nificance since Pb 	 is the chief contaminant, and the two. are clearly not in 

equilibrium .. The second argument that the 610 key peak in Fig.. 6 is not due to 

214 Bi 	comes from consideration of the expected background from energy gamma rays 

of Bi21. Under the conditions of the experiment these will give rise to a 

rather flat distribution at energies above 610 key of, about half of the intensity 

of the 609 key pek. At all times when the Bi2  spectrum was observed this 

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

half-life of Po 214 is so short, it would always be in equilibrium with 214 

and the arguments given above against any significant contribution of Bi 
21

to 

the spectrum of Fig. 6 also pertain to Po 214 . 

Although it is rather easy to show that the peaks in Fig. 6 are not due to 

the daughter. of Ra226, it is not easy to prove that t1ey are not due to any other 
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possible contaminant. Perhaps the best evidence in this regard is that these. 

same peaks appeared when ,a different chemical purification was used (the column 

w . 	technique described in the section on Ba 	). The spectra were not nearly as 

good as that of Fig. 6, but there was good evidence that at least the 260, 420, 

and 610 key peaks were present. Also, as we will mention later, some of these 

gamma rays are tied.together by coincidence measurements. Finally, we can say 

that it was not possible to think of any impurity whose chemical and nuclear 

properties could have given these results. Thus we feel reasonably confident 

in assigning the gamma rays to Rä226. 

224 
As in the case of Ha 	decay, the determination.of the gamma ray.inten- 

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

but large amounts of absorber were necessary to reduce its intensity to the 

point where the counting equipment worked well, and the corrections are always 

uncertain where large attenuationsare involved. The best relative intensities 

have been collected in Table III. In order to convert these to absolute 

intensities, it is necessary to know the intensity of the 188 key photons. 

Using an alpha abundance of 5.7% to the 188 key level, 10 and a conversion 

coefficient of 0.80 for the 188.kev transition, 
11,12

the abundances given in 

the third row of Table III were calculated. The intensity of the 260 key gamma 

ray could be determined with reasonable precision (estimated 20%) because its 

relatively high abundance permitted its comparison with the 188 key gamma ray 

using small samples with little or no absorber. Concerning the higher-energy 

gamma rays, it would be very difficult to obtain.a meaningful limit of error. 

We would estimate, . .however, that the absolute abundances should be accurate to 

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

should be somewhat better than this. 
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Table ill 

226 
Gamma rays of Ra 

Energy(kev) 	188 	260±5 	 420±5 	450±10(?) 	610±5 

Relative 	 1i 	 5 	 U intensity. 	1 	2.9x.lO 	 2.lxlO 	9x10 	3.3x10 

Absolute 
intensity 	 _.* 	- 	-6 	 -6  per alpha 	3.2x10 	(0.9±0.2)xlo 	7x10 	3x10 	l.OxlO

- 
 

* 
From previous data (see text) 

It was diffiult to make coincidence measurements on Ra 22  bcause of the 

severe counting-rate lirnitationsof the equipment. We can say definitely,: 

however, that the 188 and 260 key transitions are in oincidence, as was found 

by Harbottle et al. Also there was good indication that the 420 key peak was 

in coincidence with 188 key transition; whereas the 610 kev'peak was not. It 

is not possible to be certain .of these conclusions however, and no data could 

be obtained on the 450 key transition. 

222 
All of the observed gamma rays fit well into a level scheme of Rn 

Harbottle et al. have already concluded that there must be a level at 4118 key, 

and the present data strongly support that conclusion. It is very unlikely 

that the 610 key transition terminates anywhere but the ground state, because 

of the superallowe d -alpha -transition arguments which have been mentioned pre-

viously. Thus, a level is defined at 610 key, and the 420 key transition fits 

well between this level and the one of 188 key. If the 450 key gamma ray is 

real, itseeins likely that it represents the crossover transition from the 4118 

key level to the ground state. The level pattern of Rn 222  from the decay of 

226 	
i Ha 	is shown n Fig. 7. 
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SPIN ASSIGT1MENTS 

In addition to the data previously mentioned, Fig. 8 contains the 

suggested spin assignments to be discussed here, and the "hindrance factors" 

for alpha decay to the various levels. A hindrance factor for alpha decay in 

an even-even nucleus is .defined as the ratio of the experimental alpha half-

life to a given level, divided by the half-life which is calculated using the 

one-body model of alpha decay and assuming decay to the ground state is 

unhindered (HFi). 13  Thus, in effect, the one-body model of alpha decayis 

used to remove the energy dependence for alpha emission, and a Itreduced  alpha 

transition probability" is obtained whose inverse is the hindrance factor. The 

hindrance factor, as defined here, is independent of the spin of the excited 

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

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

a given 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 applied in making spin assignments for the radon isotopes., 

l5 
The first excited states of each of the radon isotopes 

11,
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;71617 so that the 2+ character of the three 

first excited states 

alpha decay to these 

respectively. Since 

in each of the three 

factors are similar. 

seems firmly established. The hindrance factors for 

levels' are 1.0, 1.1, and 0.9 for Ha222, Ra22,  and  Ra226 

the three levels involved here seem to be analogous levels 

radon isotopes, it is not surprising that these hindrance 
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G. Scharff-Goldhaber has suggested that the 450 key level of Ru 222  is a 

state analogous to the second excited state of other even-even nuclei in the 

near-harmonic regions. This assignment is based on the ratio of the energy of 

this state to that of the first excitedstate.(2.40), and on the mode of de-

excitation of the level (predominantly to the first excited state). Two 

factors in the present work tend to support this assignment. The first is the 

possible weak gamma ray to the ground state, which would rule out spins of, 0+ 

or tfrI- for the 150 key level. The second factor is that levels analogous to 

218 	220 
this one seem to appear in Rn 	and Rn 	at 650 and 530 key respectively. 

In these cases the ratios of the energy of the level to that of the first 

excited stateare 2.00 and 2.25 respectively, and again the observed decay of 

the level is to the first excited state. Thus, although the evidence is not 

entirely convincing, we shall tentatively assign spin and parity 2+ to these 
) 

three levels. 

The alpha hindrance factors to these second -i states are 15, 14, and 

--6 for Ra 	, Ra 	, and Ra 	decay respectively. Al-though these vary by a 

factor of three, this is not considered disturbing. Other cases are known in  

which hindrance factors to analogous levels in adjacent even-even nuclei differ 

by a factor of two. It should 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. In this respect, there is 

no inconsistency with assigning similar character to the three levels. It is 

perhaps of inteiest to point out that if the 1 50 icev gamma ray of Rn 222  is real 

and does represent the transition from the second 2-i- state (2t1) to the ground 

state, then the reduced transition probability ratio is: 
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-> 0+ 	 -3 
rilr \ 	 = 2 x 10 
¼JC)2t+ —> 2+ 

This assumes, in addition, that both transitions are predominantly E2, as is 

generally found to be the case with near-harmonic nuclei. Although it should 

be clear that this number is quite tentative, it is, nevertheless, in.the range 

found for other near-harmonic even-even nuclei. 

In each of the radon isotopes there is a level which decays both to the 

ground state and to the fiist-excited state. These levels lie at energies of 

800, 650, and 610 key for Rn218, Rn220 , and Rn222  respectively, and have alpha 

hindrance factors of 0.9, 	and 2. These similarities again suggest 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 0 and 2, the only reasonable values  

for the spin would be 1 or 2. Furthermore, since each is undoubtedly populated 

directly by alpha decay (from a 0+ parent ground state), it must have spin and 

parity either 1- or 2+ (L.=i ori=2 alpha wave). Of these possibilities we 

prefer a 1- assignment for the followirg reasons. States having spin, and parity 

1- are known to occur systematically in radium and thorium isotopes of this 

region. The hindrance factors for alpha decay to these levels decrease quite 

uniformly with decreasing mass number from a high of around 500 for U 234 decay 

22 
(heaviest uranium isotope known to populate a 1- state) to 4 for Th 	decay 

(lightest thorium isotope for which information is available). 
I

Thus hindrance 

factors in the range 0.9 to '-2.6 for the decay of the iadium isotopes to these 

1- states seem quite reasonable. One of the most characteristic features of 

the 1- states is their de-excitation to the 0+ and 2+ states respectively with 

El reduced transition probability ratio always 0.50 within experimental 

S 
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.ii8 	 i uncertainty. 	This has been nterpreted to indicate that K, the projection of 

the spin on the nuclear symmetry axis, is zero for these 1evels. 8  If we 

examine the data on this point for the radon levels under consideration here, 

we find that B(E1)1>0/B(El)1_>2 is 0 7±0 2, 0 ±0 2, and 0 5±0 2 for Rn218, 

220 	222 
Rn , and Rn 	respectivelyi Again these data support the 1- assignments 

The only level not yet considered is the one at 850 iev in.Rn218 . The 

ratio of the energy of this level to that of the first excited state (2.6), 

and .the alpha hindrance factor (8) suggest that this may be the IH- member of 

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

DISCUSSION 

There is now available a conside±able amount of information On the 

excited states of evei-even nuclei in the heavy-element region. Most of this 

information is summarized in Figs. 9 and 10. Figure 9 is a plot pertaining to 

some of the ev-parity states and consists of the ratios of energies of these 

states to the first excited•(2+) state. Plots similar to this have been given 

by Scharff-Goldhaber 6  and. .Sheline. 19  Th the rotational region, the familiar 

4+/2+ ratio of 3. 3 showing the 1(1+1) energy dependence is seen (lower curve) 

Higher members of this ground state rotational band are not shown. At higher 

energes two different intrinsic states are seen and these have been attributed 

to beta vibrational states (OLi) and gamma vibrational states (21+) predicted 

20 
at about these energies by Bohr and Mottelson. 	(Rotational levels based upon 

these states are not plotted.) A reason for the apparent sharp drop in energy 

for the gamma vibratioa1 band in 254  has not been suggested, however. 
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The r.egio.n of pa±ticu1ar interest here is that between mass number 216 and 

.228. Scharff-oldhaber has suggested that a rather sharp transition in the 

character of these energylevels occurs between proton numbers. 86 (radon) and 

88 (radium). However, 	 r1 if our assignment of the I+ state in R218  is correct, 

the behavior of this level through the above region is rather uniform. It 

cannot be ascertained whether a sharp change in the 2'4- or O'+ states occurs 

until the position of these levels in some of the radium isotopes is known. 

If the downward trend of the O+ state in Th 23°  is correct, a sharp break in 

the.positi.of'this level seems rather unlikely. Furthermore, the energy of 

the first excited state (roken lines in.Fig. 9) is quite smooth throughout 

this region. Our conclusion, then, is that .a sudden change in the character or 

energy of the levels does not seem likely, although theze are.not yet sufficient 

data available to be certain of this conclusion. 

Figure 10 is similar to Fig. 9 except that odd-parity levels are considered. 

The data. on the 2- levels are fragmentary, and it is not yet at all certain that 

any of these levels really have spin and parity 2-; so that they will not be 

discussed. The 1- .states are quite well established,, however. In Fig. .10 the 

lines connect the points for a given element, and there is evidence of a break 

between the radonand radium isotOpes. On the other hand a break of similar 

magnitude occurs between radium and thorium, so that probably this only indicates 

that the positionof these levels, depends on ..both the proton and the neutron 

number. It has been suggested that these 1- levels are due to Collective 

octopole vibrations; however, a satisfactory explanation for the sharp dip in 

the energy of these levels in the region of radium and thorium has not yet been 

given. 

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