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ABSTRACT

The characteristic radiation energies and coincidence rates of some radionuclides have been
determined by conventional absorption and coincidence methods. Beta ray energies have been
measured by aluminium absorption and Feather analysis, and the regulting end-points evaluated
in terms of energy by Feather’s equation. Gamma ray energies were determined by absorption
in lead, and in the case of soft quanta in the X-ray region, by absorption in aluminium and
lead, and by critical absorption. Beta-heta, beta-gamma, and gamma-gamma coincidence
measurements were carried out when possible,

INTRODUCTION

The coincidence rates and radiation energies of several induced activitied in
the region of the rare earths have been investigated by conventional methods
employing G-M counters and absorbers. All of the measured elements were obtained
from Oak Ridge as fission fragments or were produced by the exposure of pure
target materials to the slow neutron flux in the Oak Ridge pile. Chemical purifica-
tion was carried out in all cases except that of Nd47 which was activated by slow
neutron bombardment of exceptionally pure NdgOg prepared in ion exchange columns
at the Institute for Atomic Research, lowa State College.

The experimental techniques employed have been discussed elsewhere (Man-
deville and Scherb, 1948) and will not be described at this time.

Neodymium (147)

The radiations of the 11-day neodymium have been investigated by Marinsky,
Glendenin, and Coryell {1947) who have reported beta ray spectra with end-points
at 0-4 Mev. and 0-9 Mev. and relative intensities of 409, and 609%,, a hard gamma
ray at 0-58 Mev., X-rays of energy 40 Kev., and conversion electrons of energy
30 Kev. Other absorption measurements (Muehlhause, 1947) yielded a beta ray
energy of 0-76 Mev. and a gamma ray energy of 0-45 Mev. Cork, Shreffler, and
Fowler (1948) give an absorption value of 0:72 Mev. for the gamma radiation and
did not find any spectrometric evidence for conversion electrons.

. In order to make a thorough study of the radiations from Ndi47, Nd,O5 was
irradiated on three successive occasions in the Oak Ridge pile. A typical decay
curve of the induced activity is shown in figure 1 where two periods of 50 hours and
11 days are seen to be present. The decay curve was gommenced about three
days after removal of the irradiated material from the pile. No energy or coincidence
measurements were made until after the 50-hour period had completely disappeared.

* Asgisted by the joint programme of the ONR and the AEC.
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F1e. 1. Decay curve of the activities induced in pure Nd,Oy irradiated by slow neutrons in the
Oak Ridge pile. Observations were commenced about 36 hours after cessation of irra-
diation. Two periods are present: the 50-hour prometheum and the 11-day neodymium.

The beta rays of Nd147 were absorbed in aluminium as shown in figure 2 where
two beta ray spectra are clearly present with end-points at 0-17 Mev. and 0-78 Mev.
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Fia. 2. Absorption in aluminium of the beta rays of the 11-day Nd147. Two groups of particles
are present having end-points at 0-17 Mev. and 0-78 Mev.
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The precise value of the latter end-point was determined by Feather analysis and
Feather’s equation (Feather, 1938). Extrapolation of the counting rate of each
spectrum to zero absorber thickness as indicated in figure 2 showed that about
33 per cent of the total beta radiation is concentrated in the softer beta ray spectrum.

The absorption curve in lead of the quantum radiations of Nd147 is shown in
figure 3 where a soft component in the X-ray region is clearly present along with a
harder gamma ray having an energy indicated by the slope to be 0-58 Mev. The
absorption curve in aluminium of the gamma rays of Nd147 is given in figure 4 where
the soft and hard components again appear. From the aluminium absorption
curve, the half-value thickness of the soft quanta was found to be 0-33 cm., corre-
sponding to & quantum energy of 35 Kev.
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F1a. 3. Absorption in lead of the quantum radiations of Fra. 4. Absorption in aluminium of the quantum radia-
Ndi14?, A gamma ray of energy 0-58 Mev. is present tions of Nd14?, From this curve the energy of the soft
as well as soft X -rays. component was found to be 35 Kev.

The intensity of the quanta at 35 Kev. cannot be accurately estimated relative
to the harder component, because the quantum efficiency of the counter is not
known at 35 Kev.* 1In order to identify more positively the character of the soft
radiations from Nd!47, absorption measurements were carried out using as absorbers
solutions of KI, BaClg, and LaClg. The pronounced absorption in Ba and I as
compared to that in La can be taken as an indication that the quantum of energy
35 Kev. is the K« line of prometheum, thus indicating that internal conversion
takes place in the de-excitation of *Pm147, The critical absorption data } are shown
in figure 5.

* In & previous report (Mandeville, O. E. (1950). Some Characteristics of the 11-Day
Neodymium. Phys. Rev., 78, 319) it was incorrectly stated that the X-rays are fourteen times
more intense than the gamma ray at 0-58 Mev. This estimate was based upon the erroneous
assumption that the quantum efficiency of the counter was linear with energy even at very
low energies. The absorption date were obtained with the use of a counter equipped with a
copper cathode so that a high quantum efficiency is developed in the X -ray region owing to the

rise in the value of the photoelectric absorption coefficient. The intensity of the X-rays
relative to the other quantum radiations is thus exaggerated.

t+ The X-rays of prometheum have been measured by Birkhart, L. E., Peed, W. F., and
Spitzer, E. J. (1949). The K-spectra of Element 61. Phys. Rev., 75, 86-89. The wavelengths
of the Kagy and Ka, lines are 0-324 AU and 0-319 AU respsctively. The K-absorption edges of
La, Ba, and I are 0-318 AU, 0-331 AU, and 0-373 AU, so that more absorption would be expected
in Ba and I than in La if the soft quante are composed primarily of the Ka radiation of prome-
theum.
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Fia.5. Absorption in La, Ba, and I of the X-rays emitted in the disintegration of Ndt47. From

the minimum of absorption in La, it is concluded that at least part of the soft component
is composed of the X-rays of prometheum,

The beta-gamma coincidence rate of Nd47 was measured as a function of
aluminium absorber thickness. These data are plotted in figure 6 where the beta-
gamma coincidence rate is observed to decreage from an extrapolated value of
0-22x10-3 coincidence per beta ray at zero absorber thickness to 0:13 x 10-3 coin-
cidence per beta ray at an aluminium absorber thickness of 25 mg./em.2, remaining
constant thereafter. It is evident from this curve that both beta ray spectra of
Nd47 are coupled with gamma radiation. The beta-gamma coincidence counting
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Fi1a. 6. The beta-gamma coincidence rate of Nd 147 as a function of the surface density of

aluminium placed before the beta ray counter. From this curve, it is concluded that
both beta ray spectra are coupled with unconverted quantum radiation.
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arrangement was calibrated by the beta-gamma coincidence rate of Sc46 (each beta
ray followed by 2 Mev. of gamma ray energy) for which the coincidence rate was
found to be 2:85x 10-3 coincidence per beta ray. Assuming that the beta-gamma
coincidence rate is directly proportional to the amount of gamma ray energy following
each beta ray, the calibration indicates that beyond 25 mg./cm.2, each beta ray is
followed on the average by 94 Kev. of gamma ray energy. By gamma ray energy
is meant, of course, energy in the form of unconverted quantum radiation. Extra-
polation of a linear plot to zero absorber thickness is only approximate and always
subject to error. However, 0-22x 10~3 coincidence per beta ray at zero absorber
thickness indicates that about seventeen per cent of the total beta radiation is
coupled with the hard gamma ray of energy 0-58 Mev., agreeing within a factor of
two with the thirty-three per cent estimate obtained from extrapolation of the
semi-logarithmic plot of the beta ray spectra shown in figure 2.

A search for beta-beta coincidences was made, but none were found. The
combined wall thickness and air path of each beta ray counter used in the beta-beta
coincidence measurements was about 6 mg./cm.2 Soft conversion electrons having
a range shorter than this amount would not have been detected. Since the beta-
gamma coincidence data do indicate quanta in coincidence with the harder beta
spectrum, and since the X-rays of prometheum are very intense, it is concluded that
each beta ray of Nd147 ig followed by several heavily converted y-rays in cascade,
each one of which has an energy of about 0-1 Mev. or less. The lack of beta-beta
coincidences does show that the gamma ray at 0-58 Mev. is not appreciably converted.

No gamma-gamma coincidences were detected in Nd!47, "Whether this can be
explained by excessive internal conversion of the cascade gamma rays or by the low
quantum efficiency of the counters for soft gamma rays is not certain.

The data concerning Nd!47 are summarized in the approximate disintegration
scheme of figure 7.

Nd {47 Pm!47

Eo=0.17 MEV

€,=0.78 MEV
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F1a.7. Partial decay scheme of Nd14?,

Cerium (144) and Praseodymium (144).

. The 300-day (Born and Seelmann, 1943, Hahn and Strassmann, 1943) Cels4,
in equilibrium with its 17-minute daughter element, Pris4, wag obtained a a fission
4
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fragment from the Oak Ridge pile. Spectrometric values of 0-348 Mev. (Nedzel
and Sampson, 1944) and 0-30 Mev. (Peacock, Jones, and Overman, 1947) have been
reported for the beta ray energy of Cel4t. Conversion lines at 0-075 Mev. and 0-12
Mev. have been observed in Cel44, but no quantum radiations have been detected
(Seiler, Winsberg, and Engelkemeier, 1944).

Absorption measurements of the beta rays¥of Pri¢4fgave a maximum energy
of 3:-1 Mev. (Born and Seelmann, 1943 ; Hahn and Strassmann, 1943). Spectrometric
values of 3:07 Mev. (Nedzel and Sampson, 1944) and 2-99 Mev, (Peacock, Jones, and
Overman, 1947) have also been reported. Conversion lines corresponding to a
quantum energy of 0-135 Mev. have been observed (Nedzel and Sampson, 1944),
and gamma rays having energies of 0-22 Mev. and 1-25 Mev. have been measured by
lead absorption (Seiler and Winsberg, 1945).

In the course of the present measurements, the beta rays of Cel44 in equilibrium
with Pr14¢ were absorbed in aluminium as shown in figure 8. Two beta ray spectra
are clearly resolved on the semi-logarithmic plot. The softer spectrum has an end-
point at 0-10 g./cm.2 in aluminium, corresponding to a maximum energy of 0-36 Mev.
and is presumably the spectrum of Cel4t. A Feather plot of the hard beta rays
of Prl44 gave a maximum energy of 2-87 Mev. according to Feather’s equation.
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F1e. 8. Absorption in aluminium of the beta rays of Cel44 in equlibrium with Pri44¢, The beta
ray energies are calculated to be 0-36 Mev. and 2-87 Mev.

The quantum radiations of Cel44-Prl44 were absorbed in lead as shown in
figure 9. Two components are clearly present, the harder one having an energy
indicated by the slope of the curve to be 1-67 Mev. In & separate experiment, the
soft component was absorbed in aluminium and found to have a half-value thick-
ness of 0-36 cm., corresponding to 36 Kev. This is approximately the energy of
the Ka line in the praseodymium-neodymium region and is taken to be evidence of
occurrence of strong internal conversion in one or both of the radionuclides.

The coincidence absorption curve of the recoil electrons of the gamma rays from
Cel44-Prl¢4 jg given in figure 10 where the end-point is seen to occur at 1-06 g./em.2,
denoting, according to a previously determined calibration curve (Mandeville and
Scherb, 1948), a quantum energy of 2-:60 Mev. Since this very hard gamma ray
does not, appear on the lead absorption curve of figure 9, it is concluded that it is of

4B
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Fic. 9. Absorption in lead of the quantum radiations
of 00144-1‘11))1‘144. The presence of X-rays and a . c‘_lc“z'ALU“‘N‘:’“
gamma ray of energy 1-67 Mev. is indicated. F1a. 10. Coincidence absorption of the
secondary electrons of the gamma rays
from Prl4¢, From the end-point of
the curve, it is concluded that the
meXimum gamma ray energy present
is 2-60 Mev.

a relatively low intensity *. Tt is likely that the energy value 1-67 Mev., obtained
by absorption in lead, is a weighted mean of the quantum at 2-60 Mev. and a gamma
ray of lower energy such as the one at 1-25 Mev. already reported. Since it appears
to be well-established that no unconverted gamma rays are emitted in the dis-
integration of Cel4¢ itgelf, the hard quanta of figures 9 and 10 are presumed to be
emitted by Prl44,

The presence of the hard gamma rays in the decay of Pri44 suggests immediately
the possibility that the beta-spectrum of Prl4¢ may be complex and that a soft
spectrum is present in the decay of Prl44 which is coupled with gamma radiation.
Accordingly, beta-gamma coincidences were looked for and found in Cel4s.Priss,
The beta-gamma coincidence rate is plotted as a function of aluminium absorber
thickness in figure 11 where it is observed to decrease from an extrapolated value
of 0-023 X 10-3 coincidence per beta ray at zero absorber thickness to lower values
with increasing absorber thickness, showing that a soft beta ray spectrum is indeed
present in the disintegration of the 17-minute Pri44, Calibration of the beta-
gamma coincidence counting arrangement by the beta-gamma coincidence rate of
Sc#6 led to the conclusion that about two per cent of the total beta radiation of

* The hard gamma ray from Cel44.Prl44 has been noted by Goldhaber and collaborators
(om} discussions by Goldhaber, New York and Washington meetings of the American Physical
Society, 1950). They find a somewhat lower spectrometric value of 2:185 Mev. This measure-

ment is confirmed by the fact that they do not observe any photo-disintegration of deuterium
by the gamma rays of Cel4t-Prids, .
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Pri44 lies in the softer spectrum coupled with a total gamma ray energy of about
2:6 Mev, This estimate has been corrected for the presence of the beta rays of Cel44.
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Fie.11. Beta-gamma coincidences in Prl4¢ ag a function of the surface density of aluminium
before the beta ray counter. The magnitude of the coincidence rate at zero absorber
thickness is such as to suggest that about two per cent of the total beta radiation of Priss
are coupled with about 2-6 Mev. of gamma ray energy. These beta-gamma coincidences
were found in Cel44.Prl44 and in Pri44 freshly separated from the parent element.

To ascertain positively that the observed beta-gamma coincidence rate was in
Pri44 rather than Cel44, the two elements were chemically separated. The beta-
gamma coincidence rate of figure 11 was found in the praseodymium fraction,
the half-life of which was observed to be 17 minutes.
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Fr1a. 12. Disintegration scheme for Celdé.Pridé,
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A small gamma-gamma coincidence rate was detected in Pri¢4 (0-08 x 10-8
coincidence per gamma ray) indicating cascade emission of gamma rays in the
de-excitation of Ndi44, Precautions were taken to eliminate scattering in the
gamma-gamma coincidence measurements by placing one millimeter of lead before
each gamma ray counter. A search for beta-beta coincidences was carried out in
the case of Cel44-Pri44, but after carefully eliminating all scattering effects, no
genuine coincidences were found *.

The experimental data concerning Cel44.Prl4¢ are summarized in the term
diagram of figure 12.

Cerium (143).

Cerium (143), the 33-hour parent of the 13-day Pr148, was induced in CeO,,

irradiated for four hours in the Oak Ridge pile. Measurements were commenced
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Fre. 13. Absorption in aluminium of the beta rays of the 33-hour Cel43. The maXimum energy
is 1-24 Mev.

* The two beta ray counters were placed side by side as previously indicated (Mandeville
and Scherb, 1943_). Even when thus locs?ted, scatteri.n)é betweenpthe two gounters can(:lhgad to the
Presence of spurious beta-beta coincidences, especially when very hard beta rays are present as
in the case of Prid4, This troublesome effect is usually eliminated by mounting the source
befoye the two countf?rs on a very thin backing and by placing the absorbing foils as close as
possible, “Su_al.ly contiguous, to the two thin windows of the counters, This latter precaution
reduces considerably the possibility that g fast beta particle be back scattered in the first counter,
v?:inacgi?ilgz :;ack scattered at the absorbing foils, and enter the second counter to give a spurious
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within 36 hours after removal of the irradiated material from the pile. The ex-
posure time was purposely made short to suppress the 30-day activity of Cel4l,
Chemical separations were carried out repeatedly during the course of the measure-
ments and just prior to each measurement so as to eliminate any effects arising
from Pri43, which reached half-value every 33 hours,

The beta rays of Ce42 have been shown to have a maximum energy of 1-36 Mev.
(Burgus, 1943) and 1-3 Mev. (Bothe, 1946). Lead absorption curves of the gamma
radiation have yielded quantum energies of (-5 Mev. (Burgus, 1943) and 0-6 Mev.
(Pool and Krisberg, 1948).

In the present investigation, the beta rays of Cel43, freshly separated from Pri4s,
were absorbed in aluminium as shown in figure 13. A Feather plot of these data
gave a maximum beta ray energy of 1-24 Mev,

The gamma rays of Cel43 were absorbed in lead. These data are plotted in
figure 14 where the curve is resolved into three components having energies of
0-87 Mev., 0-20 Mev., and 40 Kev. The very soft quanta are probably X-rays
asgociated with internal conversion.
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Fia. 14, Absorption in lead of the quantum radiations of Cel43, Three components at
0-87 Mev., 0-20 Mev., and /2 40 Kev. are present.

A coincidence absorption curve of the gamma radiation is shown in figure 15,
The end-point corresponds to a quantum energy of 0-89 Mev., in satisfactory agree-
ment with the lead absorption data. The ordinates of the curve of figure 15 were
observed to decay with the half-period of 33 hours. Growth of Pr143 had no effect
upon these measurements, because Pri42 emits no gamma rays.

The beta-gamma coincidence rate of Cel43 is to be seen in figure 16 where it
appears to be constant, independent of the beta ray energy. The absolute value
of the coincidence rate is such as to suggest that on the average, each beta ray is
followed by 0-18 Mev. of gamma ray energy. Since the gamma ray of energy 0-89
Mev. is present, it is very unlikely that the beta spectrum of Cel48 is simple, It.can
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Fie. 15. Coincidence absorption of the secondary electrons of the gamma rays of Cel43,
The quantum energy indicated by the end-point is 0-89 Mev.
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Fia. 16. The beta-gamma coincidence rate of Cel4® as a function of the surface density of
aluminium placed before the beta ray counter, From this curve it is concluded that
each beta ray is followed, on the average, by 0-18 Mev. of gamma ray energy and that
few of the beta rays are coupled with the hard gamma ray at 0-89 Mev.

only be concluded that the 0-89 Mev. gamma ray is coincident with only a few per
cent of the total beta radiation so that the beta-gamma coincidence curve is not
noticeably affected. The number of beta-gamma coincidences per minute were
observed to decay with the 33-hour period, giving little evidence of the presence of
any Cel4t,

ArrenDIx I: Separation of Cel48 from Pri4s,

Pile irradiated ceric oxide and carrier quantities of inactive praseodymium
oxide were dissolved in hot concentrated nitric acid to which a few drops of HF
were added. An initial purification was made by precipitating the Ce and Pr as
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potassium cerium sulfate and potassium praseodymium sulfate. These sulfates
were dissolved in hot water, and praseodymium was separated from cerium by
precipitating ceric iodate following the procedure of Scott (W. W. Scott, Standard
Methods of Chemical Analysis, D. Van Nostrand Co., Inc., New York, 1939, 5th ed.,
pp- 252-253). The ceric iodate was dissolved in hot nitric acid, the resulting solution
being treated with oxalic acid crystals to precipitate cerous oxalate which was filtered,
washed with alcohol and ether, and dried at 1106°C.

ArpENDIX II: Separation of Cel#4 from Pri44.

About 25 mg. of purified cerous oxalate containing Cel44.Prl4¢ was mixed with
30 mg. of inactive praseodymium oxide and dissgolved in hot 10N nitric acid. To
this solution was added 0-3 g. of solid KBrOg and 1-2 g. of KIO, in 5N HNO; to
precipitate ceric iodate. After ten minutes’ settling, the suspension was centrifuged
for ten minutes and the supernatant was poured into 30 c.c. of a 339, solution of
NaOH, precipitating praseodymium hydroxide. The hydroxide was removed by
filtration, washed with water, alcohol, and ether.
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