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ABSTRACT

4

The low-intensity radiations -accompanying the alpha deeay of".['hz30 and
Th228 have been studied with a scintillation and .coincidence spectrometer, " In
.addition, the alpha-particle spectrum of Th228 has been reexamined using a
_,magnetic spectrograph, New gamma rays of 253 kev (8 XSlOih percent), 110 kev
(l,x;loéhAPeréent)5'206 kev (5.x.10'6 percent), and 235 (5 x 10~ percent)
have been found associated with Th230 deéay, A new gamma ray of 205 kev (0,03
percent) has been found in Th228ﬁdecay, aﬁd'also a fifth alpha group popu=
'iating a level 289 kev above the ground state Was.observed.in-anvabundance of
'0.03 peércent, A new level at %16 kev in_33226 suggested by these data and the
.coincidence,meaéuieménts has been interpreted as the 6+ member of the grbunda
state rotational band. The remaining hew levels have been'assignedvas 3- and

* 5= members of rotational.bands.bésedvén the 1- states previously observed in

bbth_Ra226 and_RaZZA,
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. INTRGDUCTION -
1-3

We have found that in a number of even-eVen nuclei in the radium=~

thorium region there exist low-lylng levels with spin 1 and odd parity (lm)
The excited states of two of .these species, Ra 22 d_R » have now been
,studied,mere intensively,ahd.additionel levels have been revealed which are
best assigned to members.of.rotationalvbands based upon ‘the i- states andito
‘higher members of thelwell-knowﬁ bands ‘based upon the O+ ground states. The

spectra were excited through the alphsa decay of;Th228 and Th23 respectively,

. EXPERIMENTAL

Th230 decai:- The proposed decay scheme for’Th23O is shown in Fig,
l,',The_ievels of‘Ra226 up to and including‘that at 253 kev were known pre-
vviously and information on internal conversion and angular correlations has
led to unambiguous spinvand parity ass:‘Lgmnem:s;2-8 'In brief, the 68-kev and
| ‘1k2-kev transitions have been shown to be E2 transitiOns,in_cascade and de-
fine the 2+ and M. states relative to the O+ ground state; the 184-kev and
253-kev tran51tions were shown. to be parallel El transitions originating from
the 1- state. '

The first indication of levels above the 253-kev state came from
the appearance of L x-ray coincidences with a gsmma ray of 253 kev, On .the
assumption that the L,xerays arise from a highly converted v ray;it,COuld
be inferred that five percent of the intensity of the 253-kev y ray is .in
cascade with this transition' Also in 001nc1dence with 7253 was a y-ray
of 68 kev, presumably the unconverted portlon of .the trans1tlon giving
rise to L x-rays. By critical absorption megsurements the energy was -brack=
etted between the K edges of tantalum and tungsten, 67.5 = 69.5 kev,

.. These measurements demand theﬁﬁresenCe.of 8 state at 320 key, but could not

7



. UCRL-3722

reveal the.predominantﬂordeq of deexeitation: 320 —253 -0 or 320 -»68 -0,

Further experiments have given evidence that at least most of the 68-kev

transition in coincidénce with the 253-kev v ‘ray represents the 2+ — O+ tran-
sition, hence the_'coir;c‘identx253 leads from the new 320—kev state to the 2+
state, .

In principle, the sequence of the 253-kev and 68-kev transitions could’
be deduced by focussing attention on the 184-kev gamma ray and measuring
whether or not it is in coincidence with slightly more than one 68-kev tran-
sition, or simply whether there is ever more than one 68-kev gamma ray in
coincidence, Because of extremely low intensities‘it.ﬁas not possible to
make such measurements, However, similar information could be obtained in-
directly from the L x-rays resulting fram internal conversion If the 253-
kev level is not populated apprecisbly by a trans1t10n from the 320-kev state
ﬂxﬂlthemnlyILx-raysii coincidence Wlth'Yl8h would be those from the 2+ — O+
transition; As an internal intensity standard, the 142-kev transition was
adopted since it is likely that the 210-kev (M+) state is not appreciably
popﬁlated from higher levels, The intensity Of'rlsh was medsured relative
to‘rlhz,and the L x-ray coincidence rate for each gamma ray was determined,
In this .way it was determined that within a standard deviation in measurement
of two percent there are no L x«rays in coincidence with TlBh beyond those
there should be from its population of the 2+ state, If all of the L x-rays
in coincidence with r253.camevfrom the transition from the 320-kev state to
the 253-kev state there would have been & five percent greater L x-»ray - Yl8h
coineidence rate,

Recapitulating, it would appear that the evidence points to the de=
excitation of the 320-kev level principally by a 253-kev gamma, ray to the 2+.

.state, As indicated in Fig., 1, the intensity of this Y253 Ais about five:
- percent of the 7253 leading from the 1« gtate, The. 3~ assignment was arrlved

at for reasons which will be developed below,

| Additional photons in very low inﬁensity were found in .coincidence
With Tlh26(4+ - 2+ tranSitiOn)° 110 £ 5 kev (l6x 1(_‘)‘”)"L percent), 206 % 5 kev
(~5 x 10~ percent), "and 235 + 5 kev (~5 x 10 percent), The intensities

230. and are based

refer to percentages of the total alpha-decay events of ‘Th
9 for the alpha population to the 210-kev level,

It should be pointed.put that in order to see gamma rays in such low intensity

on the value 0,12 percent

it was necessary to make measurements within a few'days after chemical
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purlflcatlon of the Th 30 even though the daughters grow in with a 1622-year
half-llfeé Also it might be mentioned that as'a result of Compton scattering
of the 253-kev gamma ray an apparent 110-kev photon is found in coincidence
with one at 142 kev if the two crystals are allowed tg see each other. The

- true gamma ray of llkaeﬁ,Was observed after guarding against this effect.
Due to the low intensity of these gamma rays there were statistical problems
in addition to the difficulties mentioned above, so that the energies and
intensities of these gamma rays are not accurately'known. Their existence,
however, seems reasonably well established.

The 110-kev gamma ray agrees well with the spacing between the levels
of 320 kev and 210 kev, The gamma rays of 206 and 235 kev in coincidence
with the 1h2-kev gamma ray were used to define levels at 416 and 445 kev .

- (Fig. 1), although from these experiments alone these assignments are by no
means unique, The levels and their spin and parity designations are tenta-
tively assigned as indicated in Fig. 1.by their agreement with expected Bohr-
Mottelson rotational levels, 10,11

If we consider the levels at 253, 320, and 445 kev to be members of
a rotational band,the spins are calculated to be 1, 3, and 5, respectively, '

from the rotationai expressioni
CE = Wo +1’1 /28 I(I+l)

. This agrees, of course, with .the fact that the 253~-kev level is known to be 1-,
but in addition the observed transitions from the other levels are consistent
with their 3=, Saldesignationsw‘ The 320~kev level (3-) decays to the 2+ and
states as would be expected, and the Mhi5-kev level (5-) decays(ﬁo’the Y4y state,
No decay to the O+ (ground) state could be detected from either of these levels,
and the limit that could be .get on any radiation between 300 and 70O kev was
less than 7 x 10 -6 percent,

Additionsl evidence in favor of these assignments may be derived from
the reduced transition‘probabilities for the llO-'andu253ekev gamma rays.
arising from the 320-kev level, If, in terms of the Bohr=Mottelson model,
we introduce the quantﬁm number, K, which represents the projection of the
spin on the nuclearvsymmetry axis, then for a state of spin 1, K values of

3

1 and O are possible, In a previous publication,” we have used reduced tran-
sition probabilities for gamma-ray emission from the 1=~ states to the O+ and

-2+ states to show that in every case, a K value of 0 is clearly indicated,
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Thus, if the 3= state is a member of the rotational band based .on this 1- state,
we would expect K t6 be O for this level as well, Under these conditions .the
ratio of reduced El transition probabilities, TZ/YA (where Y represents the

" transition to the state of spin x), should be 0,75. The experlmental ratio of
0.7 is in excellent agreement with this value. ,Considering,theblow limit .on
transitions to the ground (O+) state, the only other spin assignments posgsible
are: I =3, K=1,7,/r, =1.33 I= b, K =0, 72/74 =1,10; and I = 4, K = 2,
Yz/rh = 0,34, None of these values are in as good agreement with the‘data

as the I = 3y K = 0 assignment,

The 5- state (445 kev) would not be expected to decay appreciably to
the 6% state (416 kev; see the following paragraph) due to the small energy
difference (29 kev), Decay of this level to the 3- state (320 kev) would be
by a rather highly converted B2 transition and woﬁld be difficult to deteet,

If the rotational transition to the 3~ state does .occur in appreciable in-
tensity, the alpha population indicated to the 5- level in Fig. 1 would be
too low; ! |

The Ll6-kev level is very likely the 6+ member of the = - .G ..
rotational band based upon the ground state. . In this region the energy-level
spacing of this rotational band is wider than in still heavier isotopes, and |
also the deviations from the simple I (I + l)‘dependence given gbove are
considerably larger, For exampley, using the 67,76+kev spacing of the 2+ state
and the I (I + 1) dependence, the Y4+ state would be expected at 226 kev, 16
kev higher than is found, Similarly;if we add a second term to the equation‘
50 that it becomes B = AT (I + 1) = BI? (T + 1)2,. where A =%2/2J, we can use
the 2+ and M+ energies to fix the constants and would then calculate the 6+
state to be at 388 & 10 kev, considerably lower than is found. In order to
-fit the three energy levels, it is necessary to add a third term, +CI3 (I + 1)3,

" to the above eqpatlon,ln whlch case the constants may be evaluated to be
= 11,74 = Q 105 B = 0, 080 + 0,010, and C = 0,00085 * 0,00025.

T5228'decai;~ As seen from Fig, 1 and Fig. 2, the first three excited

states of Razz‘ are much like those of R&226; only the level spacing of the
O+, 2+, and by sequence is greater and the 1= state is lower; . bringing the
by state above the 1~ state, It so happens that‘the by state in Ra 24 is at

253 kev, which is the same energy above the ground state as the 1= state is in
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_Ra226, The spin and parity assignments of these levels and the alpha spectrum
populating the states have been discussed in earlier publications.ljz ‘The
characteristice .of the gamma-ray spectrum as then known are the cascading E2
transitions from the 4+ — 2+ — O+ sequence and the branched El transitions
from the 1- gtate to the 2+ and 0+ states, )

A careful examination of the alpha spectrum revealed a,fifth.alpha
groﬁp in 0,03 percent abundance populating a state 289 kev above the ground
state, An upper limit of 0,01 percent was set for the existence df.alpha
groups to still higher levels. ‘ |

 In order to detect possible new gamma rays; gamma—gamma coincidences
were measured using the 8h-kev gamma ray (2+ - O-:;-_:-tr‘ansition’) as & gating
pulse, . As before, the 8l -kev gamma ray was found to be in coincidence with
the 169-kev gamma ray (44 — 24) and the 133-kév gamma ray (1= — 24), but in
addition a weaker group athOS‘i 5 kev was seen, The sum of thé 205-kev and
8h-kev gamma transitions agreeSVWellvwith the energy of the new state at 289
kev defined by the alpha spectrum. The abundance of the 205-kev gamma ray
~is,the same as the alpha population .of the 289-kev state within experimental
- uncertainty, vhich means that the 205«kev transition is nqt'héavily converted
and is therefore El or E2,

The best interpretation of the 289-kev level is that it is a 3~ state,
Its,spacing_above.the 1= state is 72 kev as compared with 67 kev'for the cor-
responding states'in,R&226é The 3- state decays to the 2+ state, while the
‘branching to the 44+ state is unobservéble because of the small energy dif-
ference (36 kev), It should-be mentioned that a 2~ assignment is ruled out
because this state is populated directly in alpha:decay and there can be .a
change in parity only for odd-integral changes in spin,

A careful search was made'in,the.“éingles” spectrum for gamma rays
greater than 217 kev (1= — O+ transition), None was found and in particular
it can be .stated that any gamma ray greater than 275-kev must be in less than
0.001 percent abundance, This may be taken as additional evidence for the
3= assignment,of.thev289-kev state, although by itself the arguement is weak,

In searching for higher levelsg,an a&ditional.experimehtlwas.car{ied
out in which the 169-kev peak was used to trigger the coincidence circuit,

In this case the only‘geak.obserﬁed was ~a. very questionable one .of low
intensity (7 x 107 percent) at 234 % lO kev, (The 84-kev mhoton would not
have been seen in this experiment,) It should be added that the relatively
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short half-lives of Th22 daughters limited the time over which rare tran-
sitions could be observed, Purified samples were measured within 5 to 10
minutes and interfering daughter activities were present within one hour,
The . transitions expected to be in coincidence with the 169-kev gamma
ray ére'those froﬁNB- and 6+ states, since these would be expected to decay to
the b+ state, The 234-kev gamma ray, if real, probably represents the 6+ -
bt traﬁsition, because the energy of the level (487 kev) lies approximately
where the 6+ state is expected, It is interestingvto/note,that'this state
is an order of magnituée more -heavily populated than‘thevcorresponding;state
'in_TthO decax and the other excited states from Th228-decay are also more
heavily populated, The éxplanation for such differencés is among the un-
solved features,of_the alpha-decay process., The 5= state of R‘aZZl+ has not
yet been observed; however, the limit .of detection was not sufficiently low

to make this point troublesome, -

_ DISCUSSION

- There has not yet been advanced & verifisble explanation for the
appearance of low=-lying 1~ stateé in even-even nuclei, Because many of
fhese levels lie At.energies.of only 200 —'300 kev, and because they seem
to.occur'systematiéally over a region of at least twenty massvnumbers,’it
seems likely that these states haVe§collective rather than single-particle
nature., It has been_.-suggestedl2 that the spin and parity requirementsﬁcduld
be satisfied if the spheroidal nucléus could undergo distortions such that
theré be no reflection plane of symmetry perpendicular to the.symmetry axis;
thatAis, a nucleus which could assume a pear or egg shape, The fact that‘
K, the»pfojection of the spinlon the symmetry axis, is zero for the 1« states
(énd also apparently - zero for the 3~.stéte in Ra226) is consistent with
such a model,

In terms of the.theory of nuclear rotational leVelsj two puzzling
aspects have arisen relative to these odd-parity bands., First, the spacing
of these levels in a particular nucleus is such that the apparent moment of
inertia’isimuch-higher: than that for the ground-étate configuration, It
is interesting to note, although probably accidental; that the actual‘values

for these odd-parity bands in,,Ra224 and Ra226 are very nearly the same as
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is found for the ground state of the very heavy nuclei., The second feature
.requiring’explanation is that the,relative.spacing:of‘the,oddfparity levels
seems to follow more closely the simple I (I + 1) dependence, whereas -the

even-parity bands in the same nuclei show easily discernible departures,
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FIGURE CAPTIONS

Fig. 1. Decay Scheme of Th%30.
8

Fig. 2. Decay Scheme of Th22 .



ITK
(5-,0)
(6+,0)

col=2 |
o Sle
: O
(3-,0) — =
x o
| e, |¢
-0 —— = -
iy : o Y Y X |
4+,0 e L
A O'NQ"'
°\° < S~. '.CD'-'
i S
‘ oo
— >
S

0%0-

. A AQGZTT I



__n_nm,avn _ : . 4 __ o ®\

o,_+o.
o} -

N SN T 042

=) -
P o~
=]
S~
=" S °
* Z gt | oum——
Qs i b
on /o
s ° | -

——(0"+1)

—(0"-¢)
YILI

ezgtl





