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The internal conversion lines originating in excited levels of 8177208 have been 
obtained in coincidence with «-particles from 83B/212. Five of the transitions 
were found to be magnetic dipole from their internal conversion coefficients. 
In three cases, the multipole order was confirmed by the K/L ratios.

The results are compared with the model of Pryce3\

1. Introduction.

In the 771-active deposit, 81 77208 is formed by the «-decay of 
83/h'212. The «-spectrum consists of six lines, and the corresponding 
level scheme is of particular interest since 81 77208 has one proton 

hole and one neutron outside a double-closed shell structure.
The levels as indicated by the «-spectrum appear in Fig. 1. 

From shell model considerations, Pryce3) has interpreted the two 
lowest levels as a doublet resulting from the splitting of an ($1/279/2) 
configuration. Similarly, the four upper levels can be obtained 
by the splitting of a (^3/279/2) configuration. Tentatively, the angu­
lar momenta shown in Fig. 2 were ascribed to the levels.

The («—y) angular correlation measurements of Horton and 
Sherr4), and ofWEALE5), suggest that the angular momenta of 
the ground state and the first excited level are (5, 4). This agrees 
with the subsequent disintegration of 77208, which decays by 
^-emission (log ft ~ 5.5) to levels with angular momenta 5— 
and 4“, but not to the 3— level in 82P52086\ A determination of the 
multipole order of the y-rays from the excited levels would 
provide a further test on the consistency of the assignments of 
Fig. 2. As the total excitations of the different levels are known 
with great accuracy from the «-spectrum, the internal con­
version coefficients for the y-transitions can be found merely 
from the absolute intensity of the /3-lines.

The disintegrations taking place in the T7i-active deposit are 
shown in Fig. 3. Several of the lines in the composite /5-ray 
spectrum are known to originate in 77208. The decay of the 40 keV 
level to the ground state thus results in the very strong L, M, and 
N conversion lines which, by Ellis , were denoted the A, B, and 
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Tl 208
Fig. 1. The decay scheme Bi212 Tl208. The numbers to the right in the figure
indicate the excitation of the levels according to RytzF. The energies are as found 
by Ellis2\ Transitions observed in this investigation are shown by vertical arrows.

Bb lines. The radiation has been established to be of Ml nature 
from the L^.L^Lm ratio and from the lifetime . The other 
lines are much weaker, as can be seen from Fig. 1. The Æ-con- 
version line for the transition from the 327 keV level to the 40 keV 
level (in Fllis’ notation the Ga line) has been measured by 
Flammersfeld8). Some other lines have been recorded on photo­
graphic plates2), but their intensities are not known with sufficient 
accuracy.
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Fig. 2. The angular momenta proposed by Pryce3'. The value 6 for the 5th 
level is not in accordance with experiment.

Fig. 3. Decays taking place in the T7i-active deposit. Only the stronger branches 
are shown.

The experimental difficulties are due partly to the continuous 
ß-ray background, partly to numerous strong lines from tran­
sitions in Bi212 and Pb208. The investigation described here repre­
sents an attempt to overcome these difficulties by utilizing the 
coincidence between the ^-particles and the internal conversion 
lines.

2. The Spectrometer.
The ß-ray spectrometer9^ which we have recently constructed 

is especially well suited for coincidence experiments of this type. 
A 30 mm dia. glass plate covered with a thin layer of ZnS powder 
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was placed immediately behind the source. The glass plate was 
optically coupled to the photocathode of a multiplier tube RCA 
6199 through a vacuum tight lucite window.

This type of counter produces rather strong pulses when hit 
by «-particles, and gives practically no response to ß- and 
y-radiation.

The transmission of the spectrometer without the «-counter is

about 9 per cent, at a resolution of ~ 1.5 per cent. It proved

advantageous to place the «-counter so near the source that it 
covered a fraction of the useful solid angle of the spectrometer, 
which reduced the transmission to about 8 per cent. More than 
35 per cent of the «-particles could then be counted, and the 
efficiency in the coincident spectrum was between 2.5 and 3 
per cent.

/3-particles focused in the spectrometer were counted by an 
anthracene crystal with optical coupling to a multiplier, EMI 6260. 
The voltage supplied to this photo multiplier tube was varied so as 
to give pulses of the same height for all energies of the ^-particles.

The pulses from the two counters were fed through cathode 
followers to a coincidence stage with variable resolving time. The 
counts from the anthracene crystal and the coincidences were 
recorded on two decade scalers. The magnetic field had only 
negligible effect on the efficiency of the counters.

For reasons which will be referred to later, it was necessary 
to use rather strong sources. Usually, the «-counter was hit by 
about 105 «-particles per second. Although ZnS is a slow phosphor 
with a decay time of several //s, a proper shaping of the pulses 
reduced the blocking of the circuit caused by each pulse to 
about 1 /ns, but the dead time still amounted to about 10 per cent. 
It was found that the rate of true and random coincidences was 
reduced to the same extent, and also that the dead time correc­
tions varied with the source strength as predicted by counting 
theory. The coincidence resolving time was of the order of x/10 /ns. 
It could not be reduced very much below this without loss of 
true coincidences, presumably because of the slowness of the 
ZnS phosphor.
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3. The Sources.
The sources were prepared by activation in TTz-emanation of 

small bits of aluminum foil with a thickness of 150 /zg/cm2. In 
most cases, these were placed between two larger pieces of the 
same foil and then fixed to a frame of thin copper wire by means 
of a small amount of vacuum grease. This mounting of the 
source prevents the escape of recoiling radioactive atoms, an 
effect described in more detail by Flammersfeld8'.

Uncovered sources were used for the measurement of lines 
with energy below 100 keV, and the foils were activated on one 
side only. The counting of particles having passed through the 
foil had also to be avoided in these cases, and only three of the 
gaps of the spectrometer could be utilized.

4. The Coincident Spectrum.
a. Background conditions.

Both the composite spectrum, consisting of all the 0-rays from 
the Th-active deposit, and the «-coincident part of it were recorded 
during the measurements. The correction factor for random 
coincidences was found simply from the strength of a non­
coincident line in the coincident spectrum. For this purpose the 
F-line, the very strong 7<-conversion line for the 238 keV tran­
sition in Bz212 (see Fig. 3), was generally used. For some different 
points of the line the number of coincidences was plotted against 
the total counts. A straight line was then obtained, and the slope 
giving the correction factor could be found in a few minutes 
with a statistical uncertainty less than two per cent. Random 
coincidences were normally less than one per cent of the counts 
in the composite spectrum.

Fig. 4 shows the final spectrum corrected for random coin­
cidences. The continuous background is due to /^-particles in 
coincidence with «-particles from Bo212 (see Fig. 3). Since the 
half life of this isotope is only about 3/10 /lis, a fraction of the 
«-particles is emitted so fast that they appear coincident with 
the ^-particles in the continuous spectrum from Bz212. With a 
resolving time ~ 1/10(zzs, about 8 per cent of these «-particles
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fluctuations are indicated by dotted bars above the curve.
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were able to produce coincidences, and this background con­
stituted the main experimental difficulty.

If a background consists principally of random coincidences, 
it varies approximately as the second power of source strength. 
The outcome of an experiment will then be rather independent 
of the source strength, since the height of the coincident lines as 
well as the statistical fluctuations go with first power. This does 
not hold for the background described above. Sufficient statistical 
accuracy could be obtained within a reasonable time only when 
the sources were as strong as possible, the limiting factor being 
the dead time of the coincidence circuit.

In order to cover a reasonable part of the spectrum within 
the half life of the source, 10.7 h, counting could not go on more 
than 10 min. for each point. With this counting period the height 
of the weaker lines was less than twice the statistical fluctuations. 
To improve the accuracy, the measurements were repeated, for 
a certain part of the spectrum 13 times. The magnetic field was 
adjusted to the same values in each run to make possible a sum­
mation of the statistical material.

The spectrum on Fig. 4 contains a summary of the information 
gained from these experiments. Standard statistical deviations for 
the different parts are given by the dotted bars above the curve. The 
section between the arrows M 287 and K 492 was measured with 
the greatest accuracy, each point corresponding, as mentioned, 
to more than two hours of counting. Then the three weak lines 
in the region had a height of more than 6 times the statistical 
fluctuations. The spectrum represents more than 200 hours of 
measurements.

b. The strength of the lines.
Of the stronger lines in Fig. 4, B and Jc3 are completely 

resolved from non-coincident lines in the composite spectrum. 
The ratio between their intensities in the two spectra could then 
be found, thus giving the efficiency of the coincidence arrange­
ment. The results obtained from both lines agreed. Unfor­
tunately, Jc3 is not strong enough to make the experimental un­
certainty less than about 10 per cent, but the relative strength of 
neighbouring lines is certainly given with rather good accuracy 
from Fig. 4.



10 Nr. 11

The determination of the absolute intensities involves a com­
parison in the composite spectrum of the area under at least one 
of them with the total area of the continuous ß-ray spectra, which 
represents the total number of disintegrations in the source. The 
line Ga has been measured in this way by Flammersfeld8^ 
unfortunately, however, with poor statistical accuracy.

The composite spectrum recorded simultaneously with the 
coincident part could in principle be used in this manner. It 
appeared, however, that the scattering of particles caused by the 
«-counter increased the area of the continuous spectrum between 
15 and 20 per cent. The general shape was not changed very 
much, and neither the shape nor the relative strength of the lines 
was altered. As a number of the stronger lines have been measured 
absolutely with great care in other cases8,10,11), the intensity of 
the coincident lines could also have been found merely by using 
these known lines as standards instead of the continuous spectrum.

It was decided, however, to make an independent determina­
tion on the Ga line. As a check of the reliability of the procedure, 
a few of the strong lines with known intensity were redetermined. 
These measurements, performed with the «-counter removed, 
are described in Section 5.

5. Redetermination of the Intensity of Ga and Some 
Strong Lines.

a. The F and L lines.
The area of the continuous /Tray spectra was obtained by the 

procedure worked out by Flammersfeld8-* and others10^. To 
diminish the uncertainties from the measurement of the low 
energy /krays, the method makes use of only the partial spectra 
of high energy which orginate in Bi212 and 77208 (Fig. 3). The 
separation from the soft component of Pb212 was made by 
extrapolation, according to the spectral shape for (Bi212 + 77208) 
as found by Flammersfeld8-* and by Martin and Richardson10^

Due to the one hour lifetime of Bi212 compared to the 10.7 
hour lifetime of Pb212, the (Bi212 + 77208)-spectrum must be 
approximately 11 per cent stronger than the spectrum of Pb212 
when the source is in radioactive equilibrium1 .
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The two strong lines, F (148 keV) and L (422 keV), repre­
senting different energy regions, were selected. They were ob­
tained with the same resolution as used in the coincident measure­
ments.

The intensity of F was found to be 0.30 i 0.02 of all disinte­
grations Pb212 —> Bi212. This is in accord with more recent determ­
inations8,1 ,11). The measurement was reproducible within 
2 per cent, but the experimental uncertainty must be estimated 
as somewhat higher, due to some arbitrariness in the method of 
extrapolating.

The ratio between the intensities of the F line and the L line 
was found to be 45 dz 3, in agreement with Martin and Richard­
son. Flammersfeld has found a ratio of 37, but his results seem 
to be higher than other determinations for several of the high 
energy lines.

b. The Ga and I lines.
As mentioned previously, the coincident lines B and Jc3 arc 

not disturbed by neighbouring lines, and their intensities could 
thus be deduced from a comparison with the F line. Jc3 is rather 
weak, however, and the energy of the B line (36 keV) is so low 
that a certain loss of true coincidences could not be excluded. 
Therefore, it was decided to base the determination of the absolute 
strength of the coincident lines on Ga (202 keV). With the resolu­
tion used in the experiments described so far, this line was not 
resolved from the very much stronger H line from Bi212, which 
has a momentum only 2 per cent higher. Consequently the reso­

lution was increased to — ~ 0.7 per cent. Only two of the gaps 

of the spectrometer were utilized, with the solid angle reduced 
to ~ 1.5 per cent. The source was about 3x1 mm2, and the 
transmission was then 1.2 per cent.

Fig. 5 shows the G, Ga, and H lines which are well resolved 
at this resolution. The height of Ga relative to F could be found 
with a statistical uncertainty not exceeding 2 per cent, but the 
experimental uncertainty was raised somewhat due to the tail 
of the H line, which contributed to the strength of Ga by a few 
per cent.

With the intensity of the F line as given above, the strength
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of Ga was found to be (11.3 ± 1.2) x 10“4 of all disintegrations 
of Bz'212 + Tl206. This agrees with Flammersfeld’s8) results.

6. The Multipole Order of the Transitions.
The 40 keV transition responsible for the strong low energy 

lines in Fig. 4 is known to be of M 1 nature6 7’. An accurate determ­
ination of the intensity of these lines was not attempted, but 
it was found that internal conversion took place in more than

At this resolution, the I line also is separated from the neigh­

bouring lines. The ratio F 
/ , which is the K/L ratio for the 238 keV

magnetic dipole'' y-ray, was determined to 5.5 ± 0.2, also in 
accordance with Flammersfeld.
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70 per cent of the cases. A better determination of the conversion 
coefficients has been obtained from measurements of the y-ray5’12\

From Fig. 4, in addition to the low energy lines, 5 Æ-con- 
version lines and 3 L-conversion lines can be established. The 
intensities are roughly in agreement with the results of Ellis2) 
for the lines Ga, Jat, and As, but Jc.> turned out to be two times 
weaker and Jc3 four times stronger than previously reported. It 
is remarkable that the lines L 327 and L 451 have not been 
observed earlier, although they are stronger than Jc2 and Jc4. 
The strength of the lines on Fig. 4, relative to Ga, is given in 
Table I.

Table I.

y-ray 
energy 
keV.

Conv. 
shell

/9-line 
energy 
keV.

Intensity 
relative 
to G„

y-ray 
energy 
keV.

Conv. 
shell

/3-line 
energy 
keV.

Intensity 
relative 
to G a

287 K 202 1 431 K 346 0.035 ± 0.010
287 L 272 0.19 ±0.01 451 K 366 0.30 ± 0.02
327 K 242 0.24 ± 0.01 451 L 436 0.055 ± 0.010
327 L 312 0.050 ± 0.010 471 K 386 0.022 ± 0.006

Table II shows the corresponding A-shell internal con­
version coefficients ak, and the K/L ratios. The calculation is 
based on Ga = 11.3 X IO-’4, a branching ratio13) 

B/212^ T/208 + po212 = 0.354,

and an excitation of the levels as indicated on Fig. 1. In the two 
cases where two transitions take place from the same level, only

O I D
a mean value ———- of the conversion coefficients can be cal- 

71 + /2

culated, as the relative intensities of the y-rays are unknown.
The theoretical conversion coefficients are taken from the 

tables of Rose et al.14,15\
The lifetimes of the excited states must necessarily be of the 

order of or shorter than the coincidence resolving time, 1/10/zs. 
This excludes multipole orders higher than El, E2, Ml, and 
M 2, and the conversion coefficients are very different in these 
cases. The M 1 nature of the transitions in Table II is indicated
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Table II.

y-Ray 
energy 

keV
ak 

observed
theoretical K';L ratios 

observed

K/L ratios 
theoretical

JE1 E2 Ml M2 E2 Ml

287 I 0.33 ± 0.05 / 0.027 0.070 0.50 1.55 5.3 ± 0.3 1.2 5.7
327 1 I 0.020 0.053 0.35 1.00 5 ± 1 1.6 5.7
431 ! 0.14 ± 0.05 { 0.011 0.030 0.17 0.44
471 1 1 0.0090 0.024 I 0.13 0.33
451 0.10 ± 0.02 0.010 0.027 0.15 0.38 5 ± 1 2.5 5.7

by the conversion coefficients, and for three of them it is con­
firmed by the K/L ratio. The deviations from the theoretical 
values are probably due to an admixture of E2 radiation*).

*) Note added in proof : Results recently obtained in Amsterdam suggest 
that the theoretical M1 conversion coefficients are 30-40 per cent too high. 
G. J. Nijgh and A. H. Wapstra: To be published.

It was not possible to detect the K-lines for transitions from 
the 492 keV level to 327 keV or to the ground state. An upper 
limit for their strength is about 1/20 of the line K 451. The excita­
tion of the 617 keV level is about 9 times weaker than for 471 keV. 
It was not attempted to find the corresponding lines.

7. Discussion.
The decay scheme in Fig. 1 is definitely born out by the 

establishment of coincidences between «-particles and the internal 
conversion lines. Change in angular momenta of Zl I = 0 or 1 are 
indicated by the magnetic dipole character of the transitions, 
which also shows the 5 lower levels to have the same parity.

Thus, the angular momenta of the 327 and 471 keV levels 
must be either 4 or 5 if the ground state doublet, as supported 
by earlier experiments, is assumed to be (5, 4). The 492 keV 
level then most probably has angular momentum 3. A low 
angular momentum for this level is consistent with the relative 
intensities of the «-lines. Bz'212 has angular momentum 14), and 
the «-transition to the 492 keV level is the most favoured of the 
transitions shown in Fig. 1. An angular momentum of 3 for this
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level is in disagreement with the assignments of Fig. 2. This is 
not a serious failure of the model which docs not definitely give 
the order of the levels in a configuration.
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