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results. A sequence of levels with characters 0+, 2+,
4+, and 6+ is to be expected from the calculations of
Edmonds and Flowers" on the independent-particle
model, assuming jj coupling, but the 2+, 4+, and 6+
levels should then form a fairly close triplet. The ratio
of the observed energies of the 2+ and 4+ levels, 2.34,
and the ratio between the observed transition proba-
bility from the 0.99-Mev level' and the value given by
the single-particle model, agree closely with the values
found for even-even nuclei having 36 &X&88, which
ScharG-Goldhaber and Weneser" interpret in terms of a
weak-coupling version of the Bohr-Mottelson model.
The spin-6 state might then be interpreted as a member

's A. R. Edmonds and B.H. Flowers, Proc. Roy. Soc. (London)
A215, 120 (1953).

"G. Scharff-Goldhaber and J. Weneser, Phys. Rev. 98, 212
(1955).

of a higher multiplet with an excitation in the zero
coupling limit of 3k+ relative to the ground state.
If the spin-4 state at 3.22 Mev is also regarded as a
member of this multiplet, it should decay preferentially
to the 2+ and 4+ members of the two-phonon triplet.
The triple-coincidence data of Casson et ul. ' show that
such transitions are &7 times as strong as the competing
2.23-Mev transition.
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Gamma Radiation in RaD and RaE Decay*
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By using chromatographically separated, carrier-free sources, the electromagnetic spectra of RaD and
RaE have been investigated from 4 to 60 kev with an argon-methane gas proportional spectrometer. No
gamma rays or L x-rays were detected in the decay of RaE. Aside from the principal 46.5-kev transition,
no gamma rays ((0.2% of the 46.5-kev photons) were observed in the decay of freshly-purified RaD.
However, when equilibrium mixtures of RaDEF, from spent radon seeds less than 2 years old, were examined
through aluminum absorbers of thickness sufficient to ehminate pile-up peaks (20 to 26 kev) from the L
x-rays (10 to 16 kev), a broad peak at about 31 kev appeared; it was established conclusively that in reality
this is external beta-bremsstrahlung of RaE, whose low-energy region has been attenuated selectively so as
to give the appearance of a gamma-ray peak.

A chromatographic column separation of millicurie quantities of carrier-free RaD and RaE from each
other, as well as from RaF and macro amounts of gold and mercury impurities, is described. The time re-
quired for separation is less than 2 hours.

I. INTRODUCTION

l
'HE work published from 1926 to the present' "on

gamma radiations from the decay of RaD(pb"')
reveals a persistent controversy concerning the existence
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of gamma rays of energy lower than the 46.5-kev
transition which accounts at least for 87.5% of RaD

' Bashilov, Dzhelepov, and Chervenskaya, Izvest. Akad. Nauk
Ser. Fiz. S.S.S.R. 17, 428 (1953); Chem. Abstr. 48—2490 (1954).

L. F. Curtiss, Phys. Rev. 27, 257 (1926).
S. Z. Bramson, Z. Physik 661 721 {1930)."J.A. Gray, Nature 130, 738 (1932).

i' G. Von Droste, Z. Physik 84, 17 {1933).
"H. O. W. Richardson and A. Leigh-Smith, Proc. Roy. Soc.

(London) A160, 454 (1937).
"D. K. Butt and W. D. Brodie, Proc. Phys. Soc. (London)

A64, 791 (1951)."Cork, Branyan, Stoddard, Keller. LeBlanc, and Childs, Phys.
Rev. N, 681 {1951).

~ G. T. Ewan and M. A. S. Ross, Nature 170, 760 (1952).' C. I. Browne and I. Perlman, unpublished studies quoted in
Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 469
(19S3).

0 Y. Kobayashi, J. Phys. Soc. (Japan) 8, 440 (1953); Y.
Kobayashi and G. Miyamoto, J. Phys. Soc. (Japan) 8, 135, 273
{1953).

~'Wu, Boehm, and Nagel, Phys. Rev. 91, 319; 90, 388(A)
(19S3).



F lNK, WARREN, ED WARDS, AND DAMON

TABLE I. Summary of gamma-ray studies in RaD and RaE decay.

Gamma rays
observed other
than 46.5 kev

(kev) Source used Method Reference

31, 44, 88

32, 37
32
26, No 31

35.4(S)

32, 37
37'
31(?)

31

31(?)

none

none
none
none
none
none

none ((1%)
none
none
none

none

none

9.1 mC equilib. RaDEF

equilib. RaDEF
equilib. RaDEF
separated RaD and equilib. RaDEF

separated RaD from natural
radiolead nitrate

equilib. RaDEF (P)
separated RaD
gaseous Pb(CH~)4

(a) 3pC separated RaD from
aged radon seeds

('b) 100 pC equilib. RaDEF from
natural radiolead nitrate

equilib. RaDEF

Electrodeposited RaD from
radon seeds

separated RaD source
unspeci6ed
separated RaD
Pb(CH, ),
RaD electroseparated from

radon seeds
strong (equilib. ?) sources RaD

unspecified

unspecified
unspecified

separated RaD from natural
radiolead nitrate

carrier-free RaD separated from
radon needles less than 2 years old

crit. abs. in Pr, Nd, Sm oxides in
Xe ulled ioniz. chamber

diffraction from rock salt cryst.
photoelectrons in air cloud chamber
gas prop. counter

weak conv. electrons in photographic
mag. spect.

bent cryst. spect. with photoplates
scint. spect.
gaseous source in prop. counter

gas prop. counter using both gaseous
Pb(CH3) 4 internal source and external
sources

weak, unassigned conv. electrons in
mag. spect.

photographic mag. spect.

abs. in Al and Cu in ioniz. chamber
abs. in Al, Sr, Pb
cloud chamber
gaseous source in cloud chamber
lens spect. with post-focusing electron

accelerator
photographic mag. spect.
cryst. spect.
cryst. spect.
conv. electrons in spherical condenser

mag. spect.
lens spect. and gas prop. counter with

external source
gas prop. counter with external source,

Lucite abs.

10

12
13
14
15

16
17
18
19

20

21

present work

disintegrations, according to a recent discussion by
Ross, Cochran, Hughes, and Feather. " Gamma rays
reported in the literature are listed in Table I together
with the method of investigation.

Since a considerable number of radon needles less
than 2 years old were on hand" from other work and
because a new chromatographic chemical purification
technique had been perfected for other studies in con-
nection with RaDEF, '4 it was thought worthwhile to
reinvestigate the low-energy gamma spectrum in
carrier-free, freshly-separated RaD and RaE sources
to search for the "31-kev" gamma radiation which is
the subject of many reports (Table I).

II. EXPERIMENTAL

By using a chromatographic column separation
described in the appendix, carrier-free sources con-
sisting of 6)& 10' dis/min RaE and about 4)& 10'

~2 Ross, Cochran, Hughes, and Feather, Proc. Phys. Soc.
(London) A68, 612 (1955).

2'We are indebted to Dr. Paul Goodwin, Dept. of Radiology,
U. S. Public Health Service Hospital, Baltimore 11, Maryland,
for supplying us with radon needles.

"G. W. Warren, U. S. Atomic Energy Commission Report
QECU-3165 (unpublished),

dis/min RaD were isolated and mounted on fat glass
planchets. Growth of RaE into the RaD source was
followed, and indicated that the latter was quite free
of RaE immediately after separation. The sources were
examined immediately using a gas-filled proportional
counter fitted with a 164 mg/cm' beryllium window.

The counter was filled with 2.05 atmos of a 10'%%

methane —90% argon mixture, which was purified for
10 days by convection circulation over hot calcium
turnings at about 300'C. The counter was then closed
oG; the pressure, resolution, and energy calibration
have remained constant for a period of more than 5
months. The counter is of brass with an aluminum liner
to eliminate Auorescent radiation from the brass.
Within the sensitive volume, the photon path length
is about 10 cm. A stabilized positive potential of 3540
volts was applied to the 4-mil diam stainless steel central
wire, and the output, after amplification through a
Higinbotham non-overloading ampli6er, was fed through
a.single-channel pulse analyzer into a sealer. All points
were taken manually.

The sources were counted through a Lucite absorber,
and through increasing thicknesses of aluminum ab-
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III. RESULTS
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