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Gamma-ray energies and intensities in the alpha decay of **Th were precisely deter-
mined using a high-resolution Ge detector. Twenty new gamma rays were observed
whereas 16 gamma rays earlier reported could not be observed. A modified energy level di-
agram for *Ra is proposed using the present results.
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duced levels. Radiochemistry.

INTRODUCTION

The decay of ?*Th has been studied by Tre-
tyakov et al.! using a low-resolution Ge(Li) detector
(FWHM 5—6 keV) and electron spectroscopy.
However, their investigations yielded only crude es-
timates of the gamma-ray intensities. The thorium
activity used in Ref. 1 contained comparable activi-
ties of both 22*Th and 2**Th. The presence of ***Th
(T1,,=1.927 yr) and of the short-lived daughter
products (cf. Fig. 1) of 2*Th and ?*°Th greatly com-
plicates the gamma-ray spectrum. Most of the re-
ported"? gamma-ray abundances were calculated
from internal-conversion electron intensities and
suggested multipolarities, and for some of the gam-
ma rays, no abundance was reported. The present
work was undertaken to redetermine the *?°Th
gamma-ray energies and abundances.

During the preparation of this paper Dickens and
McConnell® reported gamma ray intensities of
229Th and its daughter products. The source used in
their work contained *Th and ?*’Th along with
their respective daughter products in equilibrium.
The abundances for 18 gamma rays of 2°Th were
reported by them, taking the 440 keV gamma ray of
2I3Bij as standard with an abundance of 27.4%.

EXPERIMENTAL
A. Purification and activity estimation of 2*Th
Thorium along with its daughter products was
separated from an old (~6 yr) 2*U sample by an

ion exchange method* using Dowex 1 8 in the C1~
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form in a 6M HCl medium. The thorium was puri-
fied from its daughter products by another ion ex-
change method® using Dowex 2X8 in the NOj
form in a 7.5M HNO; medium. The purity of the
thorium fraction was checked by gamma spec-
trometry. In addition to **Th, the sample was
known to contain isotopic impurities of 2®Th
(<0.1%) and *°Th (<0.4%). The gamma rays
due to *°Th (<0.4%) were not observed due to its

very long half-life (7.7 X 10* yr).
The purified thorium activity was used to prepare
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FIG. 1. Decay series of 22U and 2**U.
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FIG. 2. Growth of total alpha activity in the estima-
tion of thorium (*®*Th+2*°Th) as a function of time.

COUNTS PER CHANNEL

samples for gamma counting and gross alpha
counting. Three samples on polished stainless steel
disks and three samples in liquid scintillation vials
were prepared by a weight transfer method for
gross alpha counting. The solid samples were fol-
lowed on a gas proportional counter (efficien-
cy=>50.0+0.5 %) and the liquid samples on a liquid
scintillation counter (efficiency >99.5%) over a
period of 10—15 hours. Figure 2 gives a typical
plot of growth in total alpha activity with time due
to formation of alpha active daughter products.
The alpha activity due to thorium (*®*Th+22°Th)
was determined by extrapolating the growth curve
to the time of purification by least squares fitting of
the data to a quadratic equation.®

An electrodeposited source of thorium was

"o
'
<
N —_
N [
R - ('
P o
1200} = 3 -~
-~ @ - <
r = $ > 1]
= g [ -
©
[ L 2 2
1000 > - ©
[} © ~
L = ~
" ©
- N —
~ ¢ °
L ;‘_: o a
800} o J - o
o - o~
L Y o -
- ~ >
L 3 S ;
i = ~ o
; ® - ©
600 0 - = e o ™~
¢ —_ a
s - ") 2 3 - a ) ®
= 8 o A ~ &
i = N o |V o -
(2] ~ + o ~
- N > S -~ > >
o L4 rs > [ s
400 -~ = s [ s =
> o = = ~ ~
o ) @ 0 o2} 0 >
= 6 O " o "
B 0 + © 0 N~ ©
= < o)) (]
@ ~ J
200 < 7o)
0 1 ) 1 1 1 " 1 1 L | d n 1 L
1100 1300 1500 1700 1900 2100 2300 2500

CHANNEL NUMBER

FIG. 3. Alpha spectrum of 22®Th and *Th with daughter products in equilibrium.
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prepared on platinum backing using a thorium solu-
tion having the daughter products in equilibrium.
The alpha spectrum of thorium (Fig. 3) was taken
on a high resolution silicon surface barrier detector
(resolution 20 keV at 5.486 MeV). The area under
the well-separated alpha peaks of 23Po, 2!7At
(daughter products of 22Th), and 2'?Po (the
daughter product of 2?Th) were used to determine
the activity ratio of 2Th and **®Th. The total al-
pha activity and the activity ratio of **Th and
28Th were used® to determine the individual activi-
ties of #°Th and ***Th.

B. Gamma counting and spectrum analysis

Three independent experiments were carried out
for measurements of gamma ray energies and their
abundances. In each experiment a freshly purified
fraction of thorium of the purified stock solution
was deposited in a standard counting vial and fol-
lowed for a suitable length of time with a 2 cm® Ge
detector (resolution 600 eV at 122 keV) coupled to a
4096 channel analyzer. Figure 4 shows a typical
gamma spectrum of the purified **?*Th. After 12
hours another gamma count was taken under identi-
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cal conditions in order to identify, through growth,
the lines due to daughter products of 2**Th and
29Th. The total count rate was always less than
1000/sec. Hence the errors due to pileup effects
were neglected.

Standard activities of >'Co, !**Ba, and **'Am
were used to calibrate the detector for gamma ray
energy and efficiency in the required geometry.
The gamma ray spectrum analysis was carried out
using program SAMPO.” The gamma ray energies of
57Co, 'Ba, and *'Am and their respective peak
positions were least squares fitted to develop the en-
ergy calibration curve. The efficiency values for the
energy region above 120 keV were found to lie in a
straight line on a log-log scale.

RESULT AND DISCUSSION

The relative emission rates of the Th gamma
rays were determined using the developed energy
versus efficiency calibration curves. The absolute
abundances of the gamma rays were then calculated
using the estimated 2**Th activity. Table I gives the
gamma ray energies and their absolute abundances
obtained in this work, along with the reported data.>
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TABLE I. Gamma ray abundances of *Th.

Present Reported (Ref. 2)
Energy Energy
(keV) % abundance (keV) % abundance
11.1+0.1
12.33+0.04* 5.960+0.536
14.81+0.02° 9.381+0.781
15.25+0.02° 42.480+1.592
17.36+0.03 0.17
17.82+0.02° 17.033+0.772
18.31+0.03* 4.068+0.403
25.39+0.02 0.035
28.50+0.14 0.1174+0.024
30.30+0.10
31.13+0.03 0.896+0.080
31.53+0.04 1.692+0.085 31.30+0.20 4.0
37.80+0.10
42.63+0.02 0.188+0.010 42.76+0.03 0.16
43.96+0.02 0.604+0.020
53.84+0.09 0.01740.003 53.20+0.10
56.50+0.03 0.246+0.006 56.60+0.03 0.32
68.05+0.08 0.052+0.014 68.18+0.07 0.10
68.80+0.07 0.060+0.013 68.90+0.04 0.11
75.10+0.05 0.420+0.043 75.20+0.07 0.51
75.30+0.10
85.43+0.04* 9.820+0.017
86.30+0.10 0.37
86.35+0.04 2.73240.074 86.44+0.05 3.0
88.48+0.04% 16.681+0.251
94.72+0.02 0.23240.006
99.47+0.02% 2.245+0.070
100.18+0.02° 3.927+0.086
102.99+0.022 1.443+0.046
103.71+0.03 0.451+0.035
107.15+0.02 0.656+0.009 107.17+0.05 0.82
109.21+0.06 0.023+0.004
110.38+0.03 0.107+0.004
118.21+0.09 0.015+0.005
120.16+0.08 0.017+0.003
123.19+0.03 0.120+0.004
124.59+0.02 1.040+0.012 124.50+0.10 1.2
124.70+0.10 0.6
126.76+0.09 0.013+0.004
131.97+0.05 0.32
132.60+0.10
134.33+0.08 0.015+0.003 134.80+0.10
135.71+0.07
136.99+0.03 0.904+0.018 137.03+0.06 1.6
140.30+0.20
142.97+0.03 0.314+0.006 142.95+0.10 0.42
147.66+0.03 0.183+0.014 147.80+0.10
148.17+0.03 0.708+0.017 148.30+0.20 1.36
149.91+0.04 0.042+0.003 150.20+0.30
151.60+0.30
154.37+0.02 0.612+0.012 154.40+0.70 0.65
156.41+0.02 0.972+0.018 156.48+0.04 1.1
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TABLE 1. (Continued.)

Present Reported (Ref. 2)
Energy Energy
(keV) % abundance (keV) % abundance
158.42+0.04 0.034+0.003 158.50+0.07
160.48+0.56 0.005+0.003 161.60+0.30
165.70+0.30
167.14+0.04 0.113+0.010
171.59+0.07 0.020+0.005
172.91+0.04 0.093+0.006 172.904+0.10 0.22
179.75+0.03 0.176+0.005 179.80+0.20 0.50
183.95+0.03 0.118+0.006 184.00+0.10 0.23
190.20+0.20
193.53+0.02 3.769+0.075 193.63+0.06 4.5
200.81+0.03 0.066+0.005
204.70+0.02 0.495+0.012 204.90+0.30
210.31+0.05 0.210+0.033
210.90+0.05 2.467+0.063 210.974+0.10 3.2
215.16+0.08 0.146+0.016
218.15+0.04 0.149+0.037 218.10+0.20 0.14
221.31+0.09 0.022+0.003
225.25+0.06 0.048+0.004
236.31+0.06 0.158+0.028 236.20+0.20 0.035
242.61+0.07 0.065+0.007 242.60+0.30
243.5040.30
252.49+0.05 0.089+0.005
259.15+0.05 0.033+0.011
261.00+0.50
290.00+0.50

2x rays of radium.

Table II gives the absolute gamma ray abundances
of 28Th determined during the present investiga-
tion, along with the reported data.® Our values for
28Th are in fair agreement with the literature.
Table III gives a comparison of our data on 2°Th
with those of Dickens and McConnell®> in which
only 18 gamma rays were reported.

The earlier data? on the gamma ray energies of
229Th used for developing the energy level diagram®
of ?Ra had considerable uncertainties. Based on
the present data and the previous measurements,' a
modified level diagram is proposed (Fig. 5). Table
IV gives the gamma ray energies and their positions
in the level scheme. It is clear from the table that
most of our data fit well in the level scheme. In the
present work the following new gamma rays were
observed: 28.50, 31.13, 43.96, 94.72, 103.71, 109.21,
110.38, 118.21, 120.16, 123.19, 126.76, 167.14,
171.59, 200.81, 210.31, 215.16, 221.31, 225.25,
252.49, and 259.15 keV. Some of the earlier report-
ed' transitions (25.39, 30.3, 37.8, 75.3, 124.7,
131.97, 132.6, 135.71, 140.3, 151.6, 165.7, 190.2,
243.5, 261.0, and 290.0 keV) were not observed. In

some cases, this may be a result of the transition
having a large internal conversion coefficient. The
43.96 keV gamma ray could not be placed in the
present level diagram. The 53.84, 68.80, 118.21,
124.59, and 218.15 keV gamma rays have been
placed twice in the level diagram. Since Y-y coin-
cidence data are not available, the latter gamma
rays could not be placed unambiguously. The
gamma-ray transitions 75.10, 124.59, 154.37,
210.90, 218.15, 242.61, and 259.15 keV are postulat-

TABLE II. Gamma ray abundances of 2*Th.

Present Reported (Ref. 8)
Energy Energy
(keV) % abundances (keV) % abundances
84.29+0.05  1.351+0.064 84.5 1.6

131.74+0.03  0.214+0.004 132.0 0.19
166.48+0.03  0.136+0.003 167.0 0.12
205.97+0.10 0.022+0.004 205.0 0.03
216.00+0.06 0.285+0.002 216.0 0.29

234.0 0.00007
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TABLE III. Comparison of gamma ray energies and abundances with those of Ref. 3.

Present data Dickens and McConnell data (Ref. 3)
Energy Energy
(keV) % abundance (keV) % abundance
31.134£0.03 0.896+0.080 31.24 1.43 +0.05
31.53+0.04 1.692+0.085
42.63+0.02 0.188+0.010 42.79 0.272+0.011
56.50+0.03 0.246+0.006 56.57 0.427+0.015
86.35+0.04 2.73240.074 86.38 2.94 +0.09
107.154+0.02 0.656+0.009 107.20 0.95 +0.03
124.59+0.02 1.040+0.012 124.68 1.62 +0.05
Not observed 132.00 0.433+0.015
136.99+0.03 0.904+0.018 137.06 1.51 +0.05
142.97+0.03 0.314+0.006 143.05 0.532+0.019
148.17+0.03 0.708+0.017 148.18 1.26 +0.04
154.37+0.02 0.612+0.012 154.36 1.13 +0.04
156.414+0.02 0.972+0.018 156.45 1.26 +0.04
172.91+0.04 0.093+0.006 173.01 0.130+0.006
179.75+0.03 0.176+0.005 179.85 0.262+0.010
183.95+0.03 0.118+0.006 184.0 0.091+0.009
193.53+0.02 3.769+0.075 193.59 5.89 +0.18
204.70+0.02 0.495+0.012 204.74 0.75 +0.04
210.90+0.05 2.467+0.063 210.93 4.00 +0.13
TABLE IV. Gamma ray transitions and their position in the level scheme.
Energy of Energy of
gamma ray Levels associated gamma ray Levels associated
(keV) with the transition (keV) with the transition
28.50 272.05-243.48 147.66 248.13-100.47
31.13 236.26-205.13 148.17 179.72- 31.55
31.53 31.55- 0.0 149.91 149.91- 0.00
42.63 42.72- 0.00 154.37 179.72- 25.37
156.41 268.05-111.63
43.96 158.42 '394.79-236.26
53.84 203.62-149.91 160.48 272.05-111.63
272.05-218.15
56.50 236.26-179.72 167.14 268.05-100.47
68.05 179.72-111.63 171.59 272.05-100.47
68.80 111.63- 42.72 172.91 284.48-111.63
100.47- 31.55 179.75 179.72- 0.0
75.10 100.47- 25.37 183.95 284.48-100.47
86.35 236.26-149.91 193.53 236.26- 42.72
94.72 205.13-110.41 200.81 243.48- 42.72
103.71 321.66-218.15 204.70 236.26- 31.55
107.15 149.91- 42.72 210.31 321.86-111.63
109.21 326.79-218.15 210.90 236.26- 25.37
110.38 110.41- 0.00 215.16 326.79-111.63
118.21 321.86-203.62 218.15 243.48- 25.37
268.05-149.91 218.15- 0.0
120.16 392.21-272.05 221.31 321.86-100.47
123.19 326.79-203.62 225.25 268.05- 42.72
124.59 236.26-111.63 236.31 236.26- 0.0
149.91- 25.37 242.61 268.05- 25.37
126.76 394.79-268.05 252.49 284.48- 31.55
134.33 284.48-149.91 259.15 284.48- 25.37
136.99 179.72- 42.72
142.97 243.48-100.47
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FIG. 5. Level scheme of 33 Ra;3;. % feeding by alpha decay of *°Th (Refs. 2 and 9). E; is the energy of the gamma
ray in keV and 4; is the absolute gamma ray abundance. ¥ placed twice in the level scheme.

ed to populate the 25.37 keV level. However, the
25.37-keV gamma ray could not be observed; we es-
timate its gamma-ray abundance to be less than
0.01%. Presumably this transition is of M1 mul-

tipolarity and is thus highly converted. From the
levels 609, 603, 487, 417, 347, 335, 230, and 214
keV, which are quite weakly populated in the alpha
decay of 2Th, no transition could be observed.
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