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Charles Idol Browne, Jr.
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June, 1952

ABSTRACT ‘

In the course of the work described in this dissertation, a 10 inch
bent crystal spectrometer was used to examine the spectra of the radia-
tion emitted in the decay of the following nuclides: NdM40, Am?Al,
P521o, Pu239, U237, Pa232, and Pa233. For the greater portion of the
research, the range of the instrument was limited to 10-70 kev, but
improvements in collimation increased this range to 10-120 kev in the
case of the Pa233 experiment. The radiations observed were thus for
the most part I, x-rays and very.soft gamma rays. QCalculations are made
on the relative quantum yields and relative number of vacancies in the
L levels, and the results compared with theoretical calculations in the
literature. Wﬁerever possible, the L] conversion coefficients of the
gamma rays are calculated and the mmltipole orders deduced.

It is observed that the beta decay of U3/ and the alpha decay of
Am?hl apparently lead to the same excited state in the daughter, Np237,
since a gamma ray of identical energy is found in the two cases.

An apparent anomaly is found in the energies of the uranium x-rays
emitted in the decay of Pa232 and Pa233, since the energies of the x-rays
observed in these cases are higher than the values found in thevcase
of Pu239, which agree well with the accepted values from electron bom-
bardment.

232

The x-ray data in the decay of Pa are used to calculate a lower

limit for the branching ratio in the decay of this nuclide.
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INTRODUCTION

The measurement by diffraction methoda of the x-rays and soft gamma
radiation given off in radiocactive decay p‘ovides a means of obtaining
information of considerable interest in several respects. The higher
accuracy of diffraction methods; as contrasted with absorption tech-
niques; and even pulse analysis methods; makes it possible to detsrmine
gamma ray energies with sufficient accuracy to give much greater con-
fidence to decay schemes and;, indeed; to caleculate nuclear level spacings
to a much higher degree of refinement. Further;, the high resclution
of the method makes it possible to detect the presence of gamma radiation
of energy within the range of the I. x-rays of heafy elements. In the.
case of the transuranium elements; it is of interest to measure the
values of the x-rays themselves. Measurement of the relative intensity
of the L séries x-rays permits calcuiation, when apropos, of the rela-.
tive amounts of conversion in the I, levels; and hence;, at least in_
principle, of the multipole order of the gamma ray undergoing conversion.

To all these ends; the bent-crystal Cauchois-type spectrometer~
(Fig. 1) previously described by Barton et g;,l has been modified by
replacing the quartz diffraction c¢rystal with topaz, increasing the
effective crystal area, and replacing the proportional counter with a
scintillation counter. The topaz crystal employed was found by standard
x-ray methods to be the AlQFZSiOh modification; and the instrument was

so adjusted as to measure reflections from the 303 planes of this



Fig. 1. Ten inch Cauchois bent crystal spectrometer.
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crystal. Under these conditions, the reflectivity was found to be some
five times greater than that from the 100 planes of quartz.

The effective crystal area was increasei to 5.5 cmz, or approxi-
mately three times that used by Barton, by altering the design of the
crystal holder itself. The use of an NaI(Tl) - RCA 5819 photomultiplier
combination in the counter affords an increase in detection efficieney
by a factor of approximately 15 in the 20 kev region and, of course, a
much higher factor in the higher energy regions. Combination of these
effects led to an increase in transmission by a factor of roughly 200.
The over-all transmission is estimated to be 1()'7 in the 20 kev region.

The range of the instrument, in all experiments except the last
(Pa233) was approximately 10 to 80 kev; in the course of the last
experiment, a new collimator was employed which reduced the acceptance
angle by a factor of approximately two, while keeping the geometry ap-
proximately constant. The upper range limit with this collimator was
some 130 kev, although very intense radiation of energy as high as

180 kev was detected.

EXPERIMENTAL METHODS

In general, the methods employed to gather data were the same as
those followed by Barton.1 The sample to be studied was prepared as
a powder and mounted in a Pyrex capiliary as narrow in diameter as
practical (usually about 0.02 inch). Although no attempt has been made
to determine the inherent resolution of the spectrometer, there is
adequate reason to believe that in the experiments described here
the limit of resolution lay in the width of the sample itself, for cal-

culations of the angular width presented by the sample check well with



observed line widths.

The capillary was mounted on a lucite holder, either in a hole drilled
in the lucite or in a channel on the lucite surface, and placed in the
spring clips of the spectrometer sample mount (Fig. 2) which has pro-
visions for adjustment of the sample radially, laterally, vertically,
and in rotation about the radial axis. Provision is made in the design
of the spectrometer for the sample mount to rotate as it sweeps through
the angular range; so that the sample always preéents the same face to
the crystal; care was taken in adjustment of the sample to ensure that
it was at the center of rotation of the mount, and that it was as nearly
vertical as could be determined.

Counting pulses wer®s led from the scintillation counter along two
paths; one of which led to a counting rate meter and an Esterline-Angus
recorder; which was used for monitoring and ready reference purposes
only. The other patﬁ led to a standard scaling and register circuit,
which was used to drive a traffic counter which periodically recorded
the number of scales on a paper tape. The stamping interval of the
traffic counter was set to correspond to an angular interval of either
0.01 or 0.005 units on the scale in which the sﬁectrcmeter is graduated,
which would correspond to 0.02 or 0.01 degreeg in Bragg angle. The
Hicroflgx timer unit commonly employed in traffic counters was found
to be undependable in :eprdduciﬁg intervals as short as 0.8 minute,
and was replaced by a synchronous motor-microswitch system.

In observing the location of line peaks, angular readings were
taken with a vernier capable of reading to 0.005 unit. The gear drive
on the instrument cannot be relied upon to move the sample uniformly,

so that readings of angle were taken every few stamps over the peaks
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Fig. 2. Spectronetor sample mount
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of lines swept.

The introduction of a scintillation counter has the disadvantage
of having a background count appreciably larger than that of a propor-
tional counter. The mounting of the scintillation crystal itself was
made up of an aluminum ring approximatelﬁ 1 cm high; covered at one end
with 0.005 inch beryllium foil. All inner surfaces were highly polished.
The scintillation crystal itself was covered with a thin film of mineral
oil, placed in this ring, and taped to the surface of the RCA 5819 photo-
multiplier tube. This arrangement proved highly satisfactory in all
respects save the fact that the pulsg resolution was poor, and thus
precludéd the advantageous employment of the pulse discriminator circuits
of the spectrometer. The background of the counter was 20-30 counts
per minute.

In plotting spectra, partial smoothing of the background variations
was attempted by plotting values averaged over periods somewhat longer
than the stamping intervals referred to above. A common smoothing
interval employed was 0.05 unit, which would correspond to a 20 minute
count on the slow sweep; or a 4 minute count on the faster sweep. When
half-lives permitted, the spectrum was usually explored on a sweep of
one unit per 80 minutes; then more carefully examined on a sweep of
one unit per 400 minutes; and finally individual lines were reswept at
the slower rate. Energies were generally determined as the average of
several sweeps over the line; energy uncertainties were calculated from
the estimated angular uncertainty and the Bragg equation.

In practice; the Bragg angle of a line was determined by observation

of the location of the line oh each side of the undiffracted beam.



=] P-

The angular difference between the two positions represents twice the
Bragg angle, and should be unaffected by minor errors of setting of
the sample with respect to the diffraction p]lanes° The location of the
midpoint of the undiffracted beam; as determined by this method, was
used as a criterion for the accuracy of the apectrometer alignment.
When the sample and counter were properly aligned; the midpoint was
constant within experimental error over the‘complete spectrum; poor
alignment procedure (probably in the centering ?f the sample in the
sample mount) led to variations as high as 0.02 unit in midpoint location.

The use of topaz as a diffraction crystal is accompanied by the
disadvantage that the 303 planes are oriented At an angle of 28°59¢
from the cleavage face. Inasmuch as the spectrometer was originally
designed for quartz, the angular distance through which the sample may
be moved is centered about a perpendicular to the center of the crystal,
and encompasses an arc of approximately 46 degrees. A 30 degree dis-
placement of midpoint, then, leaves only some 16 degrees available on
the side toward which the midpoint is displaced. Thus, lines of energy
less than some 16.4 kev could be observed on one side of the midpoint
only. To measure the energy of these lines; the midpoint established
by higher energy radiation was assumed.

The spacing for the 303 planes of topaz, upon which all energy
measurements reported here are based; was measured by x-ray methods to
be 1.356 A in the unbent crystal, in good agreement with the

Strukturbericht value. All conversion factors employed were based

upon the values of the physical constants reported by DuMond and Cohen,2

A calculation of the correction of the Bragg angle due to the index
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of refraction of topaz indicated that it was not significant within the
limits of accuracy of the instrument.

The estimation of relative intensities of the observed radiation
poses a much more serious problem than the measurement of the energies
and was, in general, much more uncertain. The data as obtained were
subjected to three corrections: reflectivity of the crystal; absorption
by matter in the path between the sample an& the counter, and self-
absorption in the sample itself. The reflectivity correction was made
by taking the variation in reflectivity with energy as proportional to
the reciprocal of the square of the energy. This relation was determined
by comparison of relative intensities of lines widely removed in energy
as they were reflected from quartz and topaz and assumption of the l/E2
law for quartz as reported by Lind et g;.B The correction for absorbers
in the path was based on the measured thickness of these absorbers and
the values for the mass absorption coefficients of the elements; from
the data of S. J. M. Allen, as reported by Compton and Allison.h
Corrections for self-absorption in the sample were made on the basis
of a cylindrical sample; which is a good assumption, and were based
on the relationship reported by Dixon5 for such sources. The principal
qncertainties lay in the estimation of absorption coefficients for the
elements of the sample. It is unfortunately true that many members of
the L x-ray series of a given element will have energies between the
Ly and LB edges of the neighboring elements. Data on absorption coef-
ficients for radiation of energy between the L, and Lg edge are very
sparse indeed for the most thoroughly investigated elements, and were

for the most part obtained by interpolation and extrapolation methods.
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Thus in all experiments in which the sample had appreciable mass, or
where it was isotopic with the carrier; relative x-ray intensities are
rendered uncertain to the extent of the erroA in the approximation methods
employed. This situation is aggravated even further in the cases of the
transuranium elements, for which no absorption data at all are availabla.
For the transuranium elements, values of absorption coefficients at
energies above the leand below the L3 edges were estimated from Jonsson' s
"universal absorption curveo"6 These values were used to construct a
log-log plot of absorption coefficient versus energy which was extrapo-
lated;, on an assumption of linearity,7 to the energies of the Ll and L3
edges. The magnitude of the I, absorption jumps were sstimated by extra-
polating the data available for elements of lower atomic nunber.8
Values for the absorption coefficient between the I, edges were estimated
by assuming a linear variation on a log-log plot of absorption coefficient
versus energy and connecting the points corresponding to the bottom of
the Jump for one edge with the top of the jump for the next. The same
general method was followed in obtaining absorption coefficient values
for elemenis of lower atomic number; except that it was generally not
necessary to employ the "universal absorption curve" to arrive at data
above and below the I, edge region. Such experimental values as were
employed were taken from the data of S. J. M. Allen, as tabulated by
Compton and Allisonoh
The energies of the L. edges of the transuranium elements were cal-
culated by applying the correspondence principle to values of the K and
L x-rays (Table I) and the Ly edge (Table II) obtained from a Moseley

extrapolation of the values tabulated by Siegbahn9 for uranium and thorium.
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extrapolation of the values tabulated by Siegbahn9 for uranium and thorium.



Table I . Extrapolated values of the K and T x-ray energies of the transuranium elements.

Energy (kev)

55—

Transition X-ray Th U Np Pu "~ Am Cm Bk oL 100

K -Lp K ap 90.44  94.48  96.53  98.61 100.70 102.82 104.97 107.13 109.32 111.53
K - ﬁ? aj 93.51  97.88 100.10 102.34 104.61 106.90 109.22 111.56 113.93 116.32
K- "3 P1-P3 105.83° 110.59 113.01 115,46 117.93 120.43 122.95 125.50 128.08 130.68
K - N33 2 ~109.10 114.11 116.65 119.23 121.83 124.46 127.11 129.80 132.50 135.25
L] - Mp 81, 15.62  16.57 17.06  17.56 =~ 18.06  18.57 19.08  19.61  20.14  20.67
L] - M3 B3 16.42  17.46 17.98 18.52 19.06 19.61  20.17  20.74 2131  21.90
L1 - N2 Yo 19.31. 20.49 21,09  21.70  22.32 22,96  23.59  24.24  24.90  25.56
L1 - N3 Y3 19.51 20.72  21.34  21.97 22,60 23.25 23.90  24.57  25.24,  25.92
Ly - 0y v 20.24 21,51  22.16 22.81  23.48 24,16  24,.8,  25.54,  26.2h  26.96
L1 - O3 1, 20.30  21.57 22.22  22.88  23.55 22.22  2,.91  25.61  26.32  27.04
L1 - P2,3 Yy3 2046 2A.75 22,40 23.07  23.75  24.43 2512 25.83  26.55  27.28
L2 - M n 14,51 15,40  15.85 16.32  16.79 17.26 17.75 18.23 18.73  19.23
Ly - Ny Y5 18.37 19.51 20,09 = 20.68 21,28 21.88 22.50 23.12  23.75  24.39
Ly = O g 19.41  20.63  21.25  21.89 22,53 23,18 23.8, 24.51 25,19  25.88
Ly - M, B 16.20 17.22 17.74 18.27 18.80 19.35 19.90  20.46  21.02  21.60
Lz - N N 18.9¢  20.16 20,77  21.38 22,00  22.63  23.27  23.92  24.58  25.25
Ly - 0 Y6 19.60 20.85  21.49 22,13 22.79 23,46 2413 24.82 2551 26,22
L3 - My 2 11.12 11,62 11.87 12,13 12,39  12.65 12,91  13.18  13.45 13.73
L3 - Ny B¢ 14.97  15.72  16.11  16.50 16.89 17.29  17.70 18,10 18.52  18.93
L3 = 01 B7 16.01  16.84  17.27 17.70 18.13  18.57 19.02  19.47 19.92  20.38
L3 - M, as 12.81  13.44  13.76  14.08  1A.41  14.74  15.08  15.42  15.76  16.11
13 - Mg ay 12,97  13.61  13.94  14.28  14.61 1496  15.30  15.65 16.01  16.36
L3 - N P15 15.58  16.33 16.79 17.20 17.62 18.05 18.47 18.91  19.35 19.79
L3 - N5 Bs 15.62  16.43  16.84 17.25 17.68 18,10 18.53  18.97 19.41  19.86
L3 - OA,5 Bs 16.21  17.07 17.51  17.95 18,40 18.86 19.32 19.79  20.26  20.74
1] - Plo 16.98 18,03 .18.56 19.10  19.65 20,21  20.77 21,35 21.93  22.52
L1 - M% Bg 17.14  18.22  18.75 19.31  19.87  20.44  21.02 21,60 22,20  22.53
L3 - 45 t 11.47 11.98  12.24 12.50 12.78 13.03  13.29 13.57 13.8, 1l4.12
13 - ¥3 8 12.26  12.87 13.18 13.49 13.81  14.08  1i.45 14,78 1511 15.45

_gte
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Table I11. Extrapolated values of the K and L edges of the transuranium elements.

Edge Th U Np Pu Am Cm Bk cf 99 100

.l

K 109.79 115.04 117.72 120,42 123.15 125.92 12871 13L54 134.40 137.28
Ly 20.45 22.74 22.40 23.07 23.75 24.44 25.13 25.84 26.56 27.29
Lo 19.68 20.94 21.59 22.24 22.91 23.58 24.27 24,.96 25.67 26.38
L, 16.28 17.16 17.61 18.06 18.52 18.99\ 19.45 19.93 20.41 20.90

In a typical experiment, such as that on Amzhl, the correction fac-
tors for the neptunium LY, (20.86 kev) with respecf to the nepfunium
LB, x-ray (17.79 kev) are: reflectivity, 1.4; path absorbers, 0.8;
self-absorption, 1/1.7. For the La; (13.98 kev) the corresponding
corrections are: reflectivity, 0.62; path absorbers, 1.9; self-absorption,
1.9. For the 59.8 kev gamma ray the corrections are: reflectivity, 11;
path absorbers, 0.56; self-absorption, 0.8l1. These data illustrate the
fact that the self-absorption correction constitutes a large portion of
the over-all intensity correction, so that large uncertainties in this
correction must be reflected in concomitant uncertainties in relative
intensity values when lines of energy between those of the I, edges are
compared. In the experiments described here intensities are calculateg
relative to the Lﬁl x-ray, since this was usually the dominant feature
of the x-ray spectrum. In general, the values obtained are considered
to be accurate to no more than 30-40 percent. The intensities rela-
tive to each other of lines of energiés greater than the L, edge of
the sample absorber may be taken with greater confidence, perhaps to

10 percent.
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It has been the practice of Barton and other workers in the field ‘
to compare ocbserved rglative intensities of x-rays arising from a given
L shell vacancy (such as the LP; and LYy, both of which arise from an
Lo vacancy) with the relative intensities of these lines as reported
by Compton and Al1ison!® from electron bombardment experiments., This
practice will not be followed in this work. The data tabulated by
Compton and Allison have not been corrected for self-absorption in their
targets, ard while their relative intensities agree surprisingly well
with the values obtained here before self-absorption corrections are
applied, such agreement must necessarily be fortuitous and rather
meaningless since there is no reason why the self-absorption corrections

should be equal in the two cases.

EXPERIMENTAL RESULTS

The Decay Chain Nd140 _ pplbO _ gel40

The decay chain Nd140 - pplbO _ cellO provides an almost unique
opportunity for the determination of the K/ﬁ+ ratio in Cel“0 and the
fluorescent yields of the K x-rays in both praseodymium and cerium.
Ndlho has been reported previouslyll as an electron capturer with no
evident positrons ard a half-life of 3.3 days, while its daughter,
Prlho, is an electron capturer and positron emitter with a half-life
of 3.4 minutes. No gamma radiation has been observed in either case
and on this basis there can be no x-rays arising from internal con-
version processes. Therefore, if a sample of Ndlho is permitted to
equilibrate with its.daughter and the x-ray spectrum of the joint
decay measured, the ratio of the intensity of praseodymium K x-rays

to those of cerium should give the fraction of the Prlho decay which
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takes place by electron capture. Also, if the intensity of the Auger
electrons can be measured with respect to the intensity of the positrons,
a ratio of K x-radiation to K Auger electrons can be derived which will
represent the mean fluorescent yield for praseodymium and cerium.

Ndlho was prepared by bombardment of 300 milligrams of praseodymium
oxide with 19 Mev deuterons on the Crocker 60-inch cyclotron. Chemical
purification was accomplished through the use of citrate elutions from
a Dowex 50 cation exchange resin column at 83° C.12 The purified
sample was studied on the double focusing beta ray spectrometer de-

13 the 10 inch bent crystal spectrometer,

scribed elsewhere by O'Kelley,
and a scintillation crystal pulse analyzer.
The Bethe and Bacher approximation was used to calculate the

140 positron spectrum

Fermi function employed in a Fermi plot of the Pr
which exhibited good linearity with an endpoint energy of 2.23 2 0.02
Mev (Fig. 4). The data do not exclude the possibility of a low abun-
dance lower energy component (ca.; 1 Mev). The electron spectrum was
investigated up to Hp values corresponding to an electron energy of
1 Mev and showed only one discernible line at 28.9 * 0.5 kev which
was interpreted as electrons from Auger conversion of K shell vacancies
in either praseodymium or cerium or both, as the resolution of the
line does not permit this distinction.

The gamma ray spectrum from the scintillation counter showed no
lines in addition to K x-rays, annihilation radiation; and Compton
radiation in intensity as high as 10 percent of the K x-rays; there

was meager indication of radiation of energy 1.0 - 1.2 Mev.
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The x-ray spectrum (Fig. 5) showed only the Kaja, (unresolved) and
the Kﬁl x-rays of both praseodymium and cerium in the following intensity
ratios:

Pr Kajajs : Ce Kaja, : Pr KBl : Ce Kﬁl =100:50:28 :11 .
Since no saurces of K x-rays other than electron capture could be de-
tected? éll observed x-rays could be attributed to that source. On
this basis, the electron capture to positron ratio in the decay of
Prll‘o may be computed. If we consider only K capture for the first
estimation, and assume that the fluorescent yields of K x-rays are
very nearly equal in praseodymium and cerium, then, since the chain
is in equilibrium,; the ratio of the intensity of the cerium x-rays to
that of the praseodymium x-rays is a direct measure of the fraction
of K capture in Prt0. The K/p* ratio in pri0 is, then, 1.0 ¥ 0.1.

The value of ft for the Prlho decay was calculated from the
theoretical values of Feenberg and Triggn‘ for (fk + f,.) to be 2 x lOl*,
which leads to the conclusion that the transition is allowed and if
the TAM (total angular homentum) of Cet40 15 taken as O; then the &1
must be, by Gamow-Teller rules, unity. The ratio of fk/f+ is given
by Feenberg and Trigg values; under these conditions;, as 1.0 in good
agreemgnp with the value obtained above., If I capture is taken into
considgration, these values must be changed somewhat. An internally
consistent solution based upon Rose'!s theoretical L/ ratios,l5 the
above data;, and theoretical values for fk leads to the conclusion that
Ndlho decays by 26 percent 1. capture and 74 percent K capture; that

rlAO

P decays 58 percent by‘ﬂ* emission, 37 percent by K capture, and

5 percent by L capture; from which the ratio of $+ to X in Prlho is
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approximately 1.6 to 1. Since the Ndlho — > Pr140 transition is also
presumably allowed, the decay energy of Ndlho can be obtained from its

half-life and comes out to be 105 ¥ 4O kev.

The ground state of Ce]'l‘0
16

140

is very probably SO s0 that the state

of Pr s, by Nordheim's rule that Af = O for an allowed transition,

must be S,. Both the odd nucleons in Pri4C fall into the shell
50 < N.ﬁ 82 with possible states, by the Mayer model, of g7/2, d5/29
d3/2, 31/2, and h11/2° Since the TAM is low, Nordheim's rule 9 should
apply to Prlho, leading to six possible combinations for the states
describing the odd neutron and proton. However; the TAM of Px‘ll'1
(59 protons) is known to be 5/2 and that of Bal37 (81 neutrons) is 3/2,
suggesting the probable choice of d5/2 as the state of the proton,
and d3/2 as that of the neutron which is one of the combinations ad-
mitted by Nordheim's rule. If, then, the angular momenta couple #nti-
parallel as Nordheim implies, the resulting over-all state would be
S1 in agreement with the conclusion reached earlier.

Integration of the positron and electron spectra leads to a ratio
of positrons to electrons of approximately 50, leading in turn to a
K/e~ ratio of 100. This implies a very high figure (0.99) for the
mean K fluorescent yleld for Z = 58 and 59. Considering that an error
of a factor of ten (a.very high estimate indeed) in the integrations
through poor estimations of self-absorption, backscattering, etc.
would reduce the value of the fluorescent yield to only 9.90, it seems

Justifiable to set the lower limit- for Wk in this region as 0.90,
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Americium 241

It is becoming generally recognized that odd A alpha emitters fre-
quently exhibit alpha ray spectra at Sharp\variance with simple alpha
decay theory in that the most abundant alpha particle group is not of
the highest energy. Americium 241 has been found by Asaro and Perlmanl7
to be a prime example of this effect; since one group comprising 84
percent of the emitted alpha particles hag an energy some 70 kev less
than the highest energy group. The decay of this muclide is further
characterized by the emission of abundant gamma rays of some 60 kev,

18 'The conversion electrons

as well as x-rays of approximately 20 kev.
from this gamma ray have been measured by O'Kelley,13 who reported
the gamra ray energy as 59.4 % 1.0 kev.

It is apparent that the accurate determination of the energies
of the gamma rays emitted in the course of the decay would be of great
value in the establishment of a decay scheme. In this respect, a high
resolution instrument offers particular advantages; since the gamma
radiation from alpha emitters will usually be very soft; and might
well be indistinguishable from the I, series x-rays in experiments with
instruments of lower resolution.

The Am?4l used in these experiments was mounted as the trifluoride
powder in a capillary within a lucite holder. The sample contained
less than 0.5 percent impurities of alpha activity. In the course of
the experiments;, the sample was removed from the spectrometer, repia.ced,
and reoriented several times to find any errors due to poor orientation.

In general, the spectrum was taken off topaz except that in the final

observation; a quartz crystal was used to measure the energies of the
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most energetic gamma ray and the LBl x-ray. The positions. and intensities
of all peaks were checked several times.

The X-Rays.-~ Fig. 6 shows a typical spectrum in the region 10-22
kev, and Fig. 7 shows in greater detail the resolution of the La, and
Las. The reality of some of the peaks illustrated in Fig. 6 was de-
termined on the basis of their reappearance in consecutive runs and on
both sides of the undiffracted beam. In many cases,‘what would appear
at first examination to be a peak would not reappear in subsequent
runs; and in several instances could be traced to the presence of
large radioactive sources in nearby laboratories,

Tabla I1I bresents the energies and intensities of the lines which
have been assigned as neptunium x-rays, such assignment being based
upon the propinquity of the observed energy to the expected energies
of neptunium x-rays from extrapolation of the Moseley relation, and
upon rough consistency in relative intensity with that observed in
other experiments for x-rays arising for a given vacancy. Column 3
of Table III presents the extrapolated values for neptﬁnium X-rays,
and column 4 shows the values‘obtained by Bartoﬁl for some of the
lines observed here. The agreement with extrapolated values is good
in all cases except the LP, and the LTi? while the agreement with
Barton's values is excellent. The relative intensities were calculated
on the bases indicated above.

On the basis of these intensities and line assignments, the rela-
tive quantum yields, i.e., photon intensities, of the three L levels
may be calculated. This is done by summing the intensities of all

lineé arising from a given shell vacancy. Since not all possible lines
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Table III. Energies and intensities of neptunium x-rays from Am?l1 decay.

Ener .
Energy obse:;d Extrapolated
observed here by Barton energy value . Relative
Line Transition (kev) (kev) (kev) . intensity
la, Ly —>M, 13.79 % 0.02 13.76° 10
Loy L3 —> Mg 13.9820.02  13.98 % 0.03 13.94 70
Ly L,—>M¥ 15.89%0.04 15.85 5
LBy Ly —>Ng 16.9820.02 16.94  0.05 16.84 30
Lg, L, — My 17.1220.04 17.06 20
LBy L, — M, 17.80 ¥0.02 17.79 £ 0.03 17.74 100
LY, 1L,—>N, 20.86Z0.02 20.77 60
LYy L,—>0, 2.4520.08 2.49 30

are observed; for reasons of low intensity, resolution, etc., those which
are observed must be weighted by a factor corresponding to the fraction
of total intensity which they represent as described below. This is
particularly necessary for the Ly level, since only the Lﬂ,‘ was observed.
To obtain this weighting factor, the results of this and other experi-
ments were combined. For example, in the experiment with pa33 to De
described below, the series of lines resulting from an Lj vacancy were
mich more pfominent than in the present case. Accordingly, the
weighting factor for the Lﬁh was based principally upon the pa33 rc-
sults., The ratios of quantum yields, after these calculations, are:

leL2=J‘3 =1:3,0:2.5,
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If there were available data on the fluorescent yields of the I,
levels, the relative number of vacancies of these levels in the decay
could be calculated from the quantum yields above. No such data are
available, but Kinseyl9 has arrived at approximate figures for the
fluorescent yields on the basis of a combination of such data as are
pertinent (width of the levels, etc.) and theoretical considerations.
His published values for the fluorescent yields of the uraniuniLl, Los

and I, levels are 0.16, 0.59, and 0.41, respectively. These ylelds

3
should be applicable to the neptunium case, since the values do not
change very rapidly with atomic number in this region, according to
Kinsey'é calculations. On this basis, the relative number of vacancies
in the 1. shells is:

L~ ¢ L2 :L3 =1,0:0.8:0.97 .

1
These figures take no cognizance of the phenomenon known as the Coster-
Eronig effect, in which an L, vacancy is filled by an Lj electron.

This is usually not a radiative transition, since the Lj - L3 energy
difference is used to eject one of the M electrons, leaving the atom
in a doubly ionized state. This transition is followed by the filling
of the Ly and M vacancies with electrons from the outer shells, with
the emission of the appropriate x-rays. The x-rays are slightly dif-
ferent in energy from those normally obtained from the filling of an
L3 vacancy, since the double ionization of the atom changes the ener-
getics of the situation and constitute satellites to the normal lines.
Detectidn of the effect was made possible through the observation and
explanation of these satellite lines. It is not at all certain that

the Ly --LBH-Coster-Kronig trénsition is highly favored over the
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Lo - L3M9 orLsy - LBN’ as the energetics may permit, but Kinsey has
chosen this possibility in the absence of any data to the contrary. On
the bais of this assumption; he has calculatkd values for the coefficient
for the L, - L3M transition, and arrives at a figure of 60 percent for
atomic numbers in the vicinity of uranium. If the relative vacancy data
mentioned above are modified on this basis, one obtains:
ST s .ola:

L10L20L3=1.000.8-0oh
which is in excellent agreement with O'Kelley's data from beta spectroscopy:

Ly:Ly:Ly =1.0:0.8:0.3 .

It is clear that in this instance the ratié of vacancies in the
L1 and L, shells is quite different from that observed by Arnoultzo
in the case of the decay of 31212, where he found a ratio of
Ly L2 =10:1.

The Gamma Rays.~-~ The photon spectrum in the energy region 22-80 kev

is shown in Fig. 8, and Table IV presents the energies and relative in-
tensities of the lines not attributable to neptunium x-rays. The
intensities (relative to each other) of the lines of energy greater
than 22 kev should be more dependable than those of the softer radiation
since the absorption corrections to these intensities are not subject
to the large uncertainties arising from the 1. edges of americium.

It is interesting to note that the line labelled Gy corresponds
closely in energy to the extrapolated value for the Lﬁl x-ray of

americium, and that labelled G, is fairly close to the extrapolated

2
value for the americium LYi x-ray. If these are indeed americium x-rays,
there is at this time no explanation for their presence.

The line labelled Gh is seen to have almost exactly half the

energy of the prominent 59.8 kev line, G7. This line was tested for
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Table IV. Energies and intensities:of the gamma rags in A2l decay.

Energy — ntensity
(kev) (relgtivefto Lgy)

G, 18.83 t 0.03 15

G, 22.20 % 0.08 10

Gy 26.43 % 0.03 55

G, . 29.82 2 0.05 20

Gs 33.36 £ 0.03 50

Gy 38.00 % 0.08 10

G, 59.78 2 0.04 180

second order reflection of the 59.8 line by interposing absorbers
between the source and diffraction crystal in the afectromoter, and

it was found that the intensity of Gh decreased very closely as the
intensity of the more energetic G7. It may therefore be assumed that
most, if not all, of Gh arises as a second order reflection of G7.
Thus the lines which may be taken as nuclear gamma rays in Am2Al decay
are those labelled G3, G5’ G6’ and G7.

In earlier unpubiished experiments with a proportional counter,
Crane and Ghiorso21 have observed 0.4 "60" kev gamma rays per alpha‘
disintegration. This datum, coupled with Asaro's figure of 8 percent
of total alpha decay to the level which may be taken as the source
of the 59.8 kev gamma ray, leads to the conclusion that of the alﬁha
transitions to that level, decay by emﬁssion of a 59.8 kev gamma ray
takes place approximately 50 percent of the time. 1f one now considers

O'Kelley's13 approximate figure that the gamma ray is 50 percent
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converted, it may be concluded that the decay from this level is pre-
dominantly by a 59.8 kev transition, either radiative or otherwise,
and hence that this gamma ray may be taken as the principal source by
far of 1, vacancies.

On this basis, the conversion coefficient in the I, shell may be
computed from the number of L vacancies and the intensity of the gamma
ray. Such a calculation leads to the result aj; = 2.5. On the basi§
of the relativistic, non-screened calculations of Gellman et gl.,zz
the conversion coefficients in the Ly shell for a gamma ray of this
energy are: electric dipole, 0.17; electric quadripole, 4.5; magnetic
dipole, 30. Choosing the closest of these figures, the 59.8 kev gamma
ray may be taken as an electric quadripole, from which the vector spin-
change 18 2, with no parity change. However, considering the ratio -
of Ly to L, vacancies and the lat;r publication of Gellman et gl.,zz
it seems probable that the radiation is an E; - My mixture.

Fig. 9 presents a partial decay scheme for Am24l,  The level
energies are based upon Asaro's data from the alpha spectrum, and
it may be seen that the 59.78 kev value for the principal gamma ray
is in good agreement with the level energy differences from the alpha
work. The energies of the lines labelled G3 and G5 add almost exactly
to 59.78 kev, so that these lines are assumed to be in cascade with
the principal gamma ray. The energies of these gamma rays, also, are
in good agreement with the corresponding level energy differences for
the alpha decay. The 38.00 kev gamma ray has not been located on
this diagram, since no corresponding level differences appear in the

alpha spectrum. It would not be surprising, however, if alpha transitions
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corresponding to this energy difference did take place, since several
of those observed were barely measurable.

The .coincidence measurements of Prohaskaz3 strengthen the location
of the 59.8 kev gamma ray in the decay scheme, since his high alpha
conversion,éiectron coincidence rate demands that this gamma ray be
located between levels lower than that sought by the most abundant
alpha transition.

Some aspects of these data may be used as a basis of comparison
with other experiments. Thus, if only the L, and Lz vacancies are
considered, the 59.8 kev gamma ray is, by these data, 80 percent con-
verted in the I shell. On the basis of Crane'and Ghiorso's figure of 0.4
59.8 gamma rays per alpha particle, and Asaro's data, the gamma ray
would be 50 percent converted, while the data of Prohaska and O'Kelley
lead to a figure of 60 percent conversion. Also, the data here lead
to a ratio of total I, x-ray quanta te 59.8 kev quanta of 2.1. This
is to be compared with the result of Crane and Ghiorsol that this
ratio is 1.8, while Martin®* finds a ratio of 1.7.

It is noteworthy that no gamma rays were discernible which could
be assigned to transitions to the ground state and, further, that no
gama ray of approximately 41 kev was detected, since the energy
interval between the most highly populated alpha transition and the

next most abundant (14 percent) corresponds to this value.

Lead 210
Lead 210, or RaD, offers the opportunity to compare data from this
spectrometer with the results obtained by mhny otlier workers. The

activity is available in large quantities as a natural decay product,
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and has thus received the intense scrutiny to which most members of the
naturally occurring radiocactivities have been subjected. Frilley,zs’26
Tsien,27 and other workers in the Curie 1ab¥ratory have studied its
radiations by bent-crystal spectrometer and cloud chamber methods;
Kinsey28 has studied its x-radiation by absorption methods; Feather29
has reviewed the results reported by the m?ny other workers; and re-
cently Bannerman and Curran30 have studied‘the gamma rays on a scintil-
lation spectrometer.

In the work to be described here; some 5 millicuries of RaD from
radon decay were separated from RaE and RaF by 'repeated precipitations
as PbCrOh. At some time in its previous history, large quantities of
inactive lead carrier had been added to the sample. Whilq the presence
of the carrier simplified the chemistry cmsiderably; its presence
introduced into the intensity calculations the difficulties noted in
the Introduction. The separation factor from RaE was determined by
counting of alpha particles to be approximately 100 by activity. The
mounted sample contained scme 2 milligrams of inactive lead.

The X-Rays.-~ Table V. presents the observed energies and relative
intensities of the lines assigned as bismuth x-rays, and compares the
energles with the values tabulated by Siegbahn? for bismuth x-rays
from electron bombardment. Column 6 lists the relative intonsitieaq
as observed by Frilley26 from RaD decay. Fig. 10 shows a typical
spectrum in the x-ray region.

It is noteworthy that the spectrum contains, in high relative
abundance, x-rays arising from vacancies in the L; shell. The appearance
of these lines is rather a novelty in this laboratory inasmuch as they

have been observed in reasonable intensity only in the case of RaD and Pa233.
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Table V. Energies and intensities of the bismuth x-rsys from pb<L0 decay.

Siegbahn's

Energy energy Intensity Intensity
Line Transition observed here valle here (Frilley)
Loy Ly -Ms  10.86 % 0.03 10.84 125 125
Lp, Lp-M, 12.7120.02 12.69 50 31
Lg, L,-M,  13.04%0.02 1302 100 100
Ly 1y - M3  13.23 20.03 13.21 120 50
1, L,-§  15.30%0.05 15.25: 80
LY, L, -N, 15.5820.06 15.58 55
LY, L, - Ny 15.71 £ 0.06 15.71 54

The agreement of the observed energies with the values tabulated by
Siegbahn is generally excellent; only the LYl shows deviation beyond
that expected from experimental uncertainties.

The relative quantum yields of the I, shells, calculated on the
basis of the intensities listed in Table V, are:

1%} :L2:L3 . 432,

If Kinsey's valuosl9 for the ﬂuqrescmt yields of the L, and L2 shells
(0.12 and 0.57, respectively) arnd the experimental value of 0.37 fop
the fluorescent yield of the 'L3 sﬁell are employed, the number of rela-
tive vacancies in the I, shells is:

Ly : Ly L3 = 1.0:0.14: 0,16 .
The number of L3 vacancies must again be corrected for the effect of
the Coster-Kronig transition Ll - LBM' If we attribute all the L3

vacancies to this type transition, the coefficient for the transition
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is 16 percent which must represent an upper limit. Such a value is in
very poor agreement with the value of 70 percent estimated by Kinseyal9

The agreement with Frilleyt's results is not very good at all. The
initial discrepancy in relative intensities is probably due to the
method of calculation of self-absorption in the source; since this
correction is particularly critical in the case of the L$39 which lies
between the Ly and L3 edges of lead. Frilley does not indicate his
method employed to calculate his reported intensitles; or whether
heavy self-absorption corrections were necessary. Even using this
data, however, it is not at all clear how his reported ratio of L1 to
L2 excitation was determined, since use of fluorescent ylelds as re-
ported by Kinsey will lead to a ratio not nearly as high as Frilleyis
value of 18: 1.

If the data obtained here are used to compute the ratic of intensity
of the LP x-rays to the La group, a figure of 2.1 is obtained which is
to be compared with Frilley's value of 1.0 and the values of Kinseyz8
and Riou3l of 1.4 and 1.5, respectively.

The Gamma Rays.-- Table VI presents the energies and intensities of
the gamma radiation observed here and 1lists the energies and intensities
of the gamma rays observed by Tsien>< in cloud chamber experiments.

The agreement in energies of the lines common to the two lists is seen
to be very good. Insofar as the intensities of the lines observed by
Tsien but not found here are concerned; an upper limit of 5 percent of
the 46.7 kev intensity can be placed on the intensity of the 42.6 kev
line; such a value is not inconsistent with Tsien's data. There were
meager indications of radiation in the vicinity of 30 kev, but of such

low intensity as to be indistinguishable from the background variations.
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Table VI. Energies and inﬁénsitiés ofsthqvgamma'rays‘in pb210 decay.

; Intensity
Intensi#y (Tsien)
Energy Energy (relative (normalized so that
here (Tsien) to LBy) I,6.7 is equal)
16.33 2 0.05 16.1%fo0.4 50
23.31 £ 0.03 23.2% 0.6 50 285
46.69 £ 0.05 46.7 800 800

The line listed as 23.3]1 kev was shown by ‘'interposition of absor-
bers to be a second order reflection of the 46.7 kev line, since their
intensities were decreased by the absorbers at almost exactly the
same rate, which agreed well with the decrease expected from the mass
absorption coefficients of S. J. M. Allen. The identification of this
radiation as a second order reflection leads to a sharp disagreement
with Tsien's value for intensity of this radiation. Tsien observes,
in the cloud chamber, radiation of energy very nearly 23.31 kev in
intensity approximately 35 percent of the 46.7 kev line. If it is
assumed that a line of this energy is presenf and is close enough in
energy to the second order reflection of thg 46.7 kev line to make the
two unresolvable in the experiments described here, thén the intensity
observed here should be greater than that oﬁsarved by Tsien to the
extent of the contribution of the second order reflection; however,
this is decidedly not the case. The intensity observed here is soms
6 percent of that observed for the 46.7 kev line (a very reasonable

value for a secornd order reflection) which is less than Tsien's value

by a factor of six.
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On the basis of the intensities of the x-rays and gamma rays ob-
served here, the ratio of total I, vacancies to 46.7 kev quanta is 3.6,
and if the assumption is made that this is the only gamma ray under-
going Qonversion in the L shell (an apparently very good assumption,
considering the intensities of the other gamma rays capable, energy-wise,
of producing conversion), it may be concluded that the gamma ray is
78 percent converted in the I shell. If Richardson's value’’ is accepted
that 84 percent of total conversion takes place in the 1. shell; the
gamms, ray is calculated to be 95 percent converted, which is in good

agreement with Stahel's valueBh

of 97 percent.

From these data the conversion coefficient in the L, shell may
also be calculated leading to a value for aL; of 3.1 in excellent
agreement with Tsien's value from beta ray spectroscopy of 2.9. On
this basis, and the calculations of Gellman et al.,~ it may be con-
cluded that the 46.7 kev gamma ray is an electric quadripole - magnetic
dipole mixture.

At the presenﬁ tiﬁe the generally accepted decay scheme for
RaD29’30 pictures the decay by beta emission (E = 18 kev) to a 46.7
kev level in RaE, with several modes of dé-excitation of this level
(Fig. 11). This model of the decay scheme has been strengthened con-
30

siderably by the coincidence work of Bannerman and Curran, and
accounts for all gamma radiation reported (with the exception of the
source of the bismuth K x-rays reported at one time by Tsien) by the
numerous workers with this activity.

If we assume that RaD has zero total angular momentum (TAM) and

even parity, since it is an even-even nucleus; and that RaF has the
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same characteristics; then the classification of the beta decay of Rak
into the first forbidden category (&I = 2, yes) by Nordheim35 leads

to the conclusion that RaE has TAM of 2 and odd parity. If the 46.7

kev gamma ray is, as the data here imply, an electric quadripole -
magnetic dipole mixture, then it involves a change of one unit in TAM
and no parity change. Reasoning on the basis of ft values; the beta
decay of RaD would appear to be either an allowed transition (aI = 0, no)
or a first forbidden transition (AI = 1, yes). Choice of the latter

for the beta transition and of the (I = 1, no) rules for the electric
quadripole - magnetic dipole permit an assignment to the 46.7 kev level

of TAM = 1 and odd parity.

Plutonium 239

Plutonium 239, like americium 241, is an odd A alpha emitter,
and might be expected to exhibit a complex alpha particle decay scheme.
Asarol7 and others have shown that such is; in fact, the case. Exami-
nation of the spectrum of Pu239 thus offers the same interest as Am2hl,
in that measurement of the energy of any soft gamma radiation present
would be of great value in the esﬁablishment of a decay scheme, and
the determination of multipole orders;, if possible; could be used to
considerable advantage in extension of alpha systematics.

In the present work, approximately 10 milligrams of isotopically
pure Pu3? were precipitated as the fluoride and mounted in the usual
way. The very low specific activity of the sample resulted in such
low intensity of all the observable lines that quantitative estimations
of intensities were not worthwhile. The positions of the observable

lines were quite reproducible, however;, so that the energy values
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should be reasonably reliable.

Table VII presents the energies of the radiation observed; and
compares these energies with Siegbahn?s9 vaiues for the x-rays of
uranium. The agreement is very good in the cases of the LBl and LBB,
The lack of agreement in the case of the Lal is not surprising for
the case of a very low-lying line visible on only one side of the un-
diffracted beam. The presaence of the LﬂB lith ne discernible Lph
can be explained only on the basis of higher absorption in the case of
the latter. The LB3 itself was barely discergible, and since the Lﬂh
energy is lower; and thus furthgr from the L3 édge in plutonium, its

absorption would be expected to be considerably greater.

Table VII. Energies of uranium x-rays in Pu239 decay.

Energy Energy
Line Transition hefg »(Siegbahq)
Ly Lp=-M  17.2420.04 17.22
LBy Ly -My;  17.44 % 0.08 17.45
LY) Ly - Mg 13.69 £ 0.07 13.61

No radiation assignable as gamma radiation was visible; though
-

particularly close search was made in the vicinity of 14 kev; since
Asaro's data on the alpha particle spectrum of Pu239 show levels of
14 kev separation in U235° On the basis of the measurement of West
36

and Dawson” of 0.04 1. x-rays per alpha particle emitted, it is con-
cluded that the number of radiative 14 kev transitions is less than

0.01 per alpha particle.
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As mentioned above, the generally low intensity of the x-radiation
makes calculation of the relative line intensities subject to so great
an error as to be impractical. It is noteworthy, however, that the

Lpy was once more the dominant feature of the spectrum.

Uranium 237
Uranium 237, a 6.5 day beta emitter, has the same daughter nucleus,

Np237, as that formed in the alpha decay of AmRhL It is of considerable
interest to discover which, if any, of the excited states in the daugh-
ter nucleus in beta decay are the same as those reached in the alpha

decay. Melander and Slatis>'

report a gamma ray of 56.7 kev energy
in U237 decay on the basis of beta spectroscopy on the conversion
electrons. Such a result raises the question that a more accurate
examination of‘this radiation might reveal it to be identical in
energy with the 59.8 kev line observed in Amd decay.

The uranium 237 was prepared by irradiation in the Argonne pile
of a sample of some 2 milligrams of uranium oxide, of which the uranium
was 95% U236, L% U235, and 1% 3k and U238 by weight. This sample
was irradiated for approximately 2 weeks, and upon its return was
processed by repeated extractions of the uranium into diethyl ether
and precipitatioﬁs with ammonium hydroxide. The final hydroxide pre-
cipitate was dried and mounted in the usual way. The activity was
unfortunately considerably less than that expected -~ presumably due
to low pile flux - and gave only some 7000 counts per minute in the
undiffracted beam of the spectrometer. For a complete and thorough
examination of the spectrum of an activity of this half-life, the

sample should be more active by a factor of at least five.
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The X-Rays.-- Table VIII presents the energies and relative in-
tensities of the observed radiation assignable as neptunium x-rays.
The accuracy of the intensity values is radher lower than usual, be-
cause of the comparatively low ratio of peak heights to background.
For example, the Lal line was only some 4 counts per minute over
background at the peak. The energies, however, compare very well in-
deed with those values obtained for corresbonding lines in the decay
of Am?#l. As in the case of Am?*l, the LB, was the dominant line
of the x-ray spectrum, while x-rays arising from L1 vacancies were
not observable at all. So few lines were observed that it was con-
sidered advisable, in the calculation of relative level quantum
yields and intensities, to obtain the total relative intensity from
a given level by dividing the sum of the intensities of the observable
lines characteristic of that level by the fraction of the total level
radiation which these lines should contain, basing this last figure
on other sampies, principally Pa232 and Pa233, for reasons which will
be noted below. This procedure seéms completely Jjustifiable, since
the choice of M, N, or O electrons to fill a given L vacancy should
be completely independent of the method of formation of that vacancy,
and should be, according to the data of Compton and Allison, a very
slowly varying function of atomié number.

Table VIII. Energies and intensities of the
neptunium x-rays in 0237 decay.

-

Energy Ener Energy
Line Transition here Am?hfy extrapolated Intensity
Loy L3 - Mg 13.98 £ 0.04 13.98 * 0.02 13.94 27
Lp;, Lp,-M,  17.81 2 0.04 17.80 % 0.02 17.74 100
Ly, Lp-N, 20.85 £ 0.06 20.86 * 0.02 20.77 42
+*

LYg¢ Lp-0,  21.5120.08 21.45%0.08 21.49 31
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No Ly lines were discernible, as noted above, so that all figures
for that level are upper limits, and are based upon an estimation of
the highest possible intensity which would be indiscernible from back-
ground variations. On this basis, the relative quantum ylelds are:

Ll: L2 :L3 =1.0:3.9:1,2 .
Employing, as usual, Kinsey's quasi-empirical values for the fluore-
scent yields, the ratio of vacancies is:

Ly Lyt L3 =1.0:1.1:0.47 (ignoring the
Coster-Kronig effect).

The situation is complicated in this case by the presence in high
intensity of K x-rays, presumably from conversion of high energy
gamma rays. It was estimatedzh from data tsken with a scintillation
spectrometer that the K x-ray intensity was equal ﬁo that of the only
gamma ray visible in the spectrum. On this basis, and employing
fluorescent yield for the K x-rays of ~100%,38 the I, vacancies can
be corrected for vacancies arising from the filling of vacancies in
the K shell. (This process will not affect the L level.) The re-
sults of this correction lead to a ratio of I, vacancies from other
processes of:

L:L:LZ:L3 =1.0:0.7: 0.3 .
These data cannot be wisely employed to compute either multipole
orders through the aLy, or give values for the Coster-Kronig coef-
ficient for the L, - L3K process, since the L, number represents
only a rough upper limit.

The Gamma Rays.-- Only one line was discernible which could not

be assigned as a neptunium x~ray. An average of several sweeps over

this line leads to the conclusion that the gamma raj has an energy of
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59.78 X 0.08 kev, and an intensity of 210, ‘relative to an LBl intensity
of 100. The agreement with the energy value determined in Am241 is
exact, an event probably fortuitous in nature; as the angular uncer-
tainties give rise to fairly high energy urcertainties in this energy
region. It may be stated with considerable confidence, however; that
the transition in Np237 involves the same two levels in this case
and in the decay of Amzhl. Unfortunately, the low sample activity
precluded the establishment or denial of the existence of the gamma
rays of 26.5 and 33.3 kev, whose presence is demanded by the partial
decay scheme put forth for Am‘%l°

The agreement of these data with those from Amzal is generally’
quite poor. For example; the ratio of the total x-ray intensity to
the intensity of the 59.8 kev gamma ray is in Am°*l, 1.9, while in
0237 it is only 1.2 before correction for the K x-rays. Unless the
decay scheme is quite different in the two cases and the agreement
in energy of the two gamma rays is entirely fortuitous, one would
expect the ratio of x-rays to the 59.8 gamma ray to be the same in
the two cases (after correction for the K x-rays) since the conversion
coefficient of the 59.8 kev gamma ray should be the same, and it
might be assumed to be the principal converter in the I, shell. Even
if the higher energy gamma rays are appreciably converted in the
L ah;ll, this effect voﬁld lead to higher values of the ratio of
x-rays to the gamma in the case of the U237, rather than in Am?“l,
which is the implication of the data. The intensities of all lines
were generally low, however, so that the experiment should be repeated

with more activity before any significant conclusions may be drawn.
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Protactinium 232

In the cases in which a nuclide undergoes decay by two modes,
examination of the x~rays emitted in the decay offers an excellent
method of determination of branching ratio, provided that both modes
of decay lead to excitation of the x-rays of the daughter and that
some method can be used to arrive at a determination of the number
of x-ray events per disintegration. This last figure need not, of
course, be on an absolute basis as long as it offers a ratio of the
number of x-ray events per disintegfation by one mode to the number
by the other. A case in point is that of Pa®3<, a 1.32 day beta
emitter. Although branching has never been observed in this deecay,

caleulations based upon closed cycles of radioactive decay lead to

the conclusion that the decay energy in electron capture is approxi
mately 0.6 Mev. Further calculations based on ft values obtained
from theoretical calculations of fk and f7, and grouping of the ft
values for the known electron capturers in this region, lead to the
conclusions that the electron capture half-life should be between

2 and 20 hours if the transition is allowed and 300 to 3000 hours
if first forbidden.

The former possibility, at least; offers the opportunity to see
the thorium x-rays in the decay. To establish this, Pa232 was pre-
pared by bombardment of Th232 with protons on the Crocker 60-inch
cyclotron. Purification and separation of the Pa232 ywas accomplished
by successive extractions into di-isopropyl ketone from an 8 M
hydrochloric acid solution and return into a solution approximately

0.2 M in perchloric acid. The procedure was established as bringing
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about a very good separation and purification by following the decay
of the sample. A semi-logarithmic plot of activity versus time ex-
hibited very good linearity; and decayed irto background with no
visible "tail" of longer-lived activities.

The method offers the additional advantage that the Pa?32 can be
obtained in "weightless" form; so that a carrier can be chosen for
the precipitation and mounting which has J K edge far below the
energies of the I, x-rays of uranium. By this means; the intensity
calculations need not have the uncertainties characteristic of the
samples in which the carrier was isotopic with' the activity. In the
present experiment, iron was chosen as the carrier, and precipitation
of the hydroxide with ammonium hydrqxide carried the protactinium
activity very satisfactorily.

The X-Rays.-~ Table IX presents the energies and relative in-
tensities of the lines observed in the x~ray region. Column 3 liste
the results of the first bombardment, and those of another bombardment
undertaken to confirm the first. It is seen that the energles are
uniformly higher than the values tabulated by Siegbahn for uranium
x-rays. In order to ascertain whether this effect wa; instrumental,
the sample was re-alined in the spectrometer for each of the deter;
minations shown in Table IX. To eliminate the possibility of a change
in the instrument, Am?#l vas rerun after each of the bambardmghts.
The energy of the neptunium LBy x-ray was found in each case to be

identical with the value previcusly determined.
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Table IX. Energies and intensities of the uranium x-rays
in Pa?32 decay.

Energy Energy
Line Transition here (Siegbahn) Intensity

1+

LBy L, - Mh 17.32 - 0.07 100

17.31 ¥ 0.04 17.22
17.30 * 0.06
17.29 I 0.02
17.29 * 0.02
LB, L3 - Ng 16.48 ¥ 0.02 16.43 17
16.51 ¥ 0.06
Lay Ly - Mg 13.65 % 0.02 13.61 28
Lo, Ly-M,  13.4620.02  13.44 23
+
LY, L, - N, 20.26 T 0.04 20.16 40
20.26 £ 0.09
LY¢ L1L,-0,  2.9220.06  20.85 15
LBy Ly -Mg  17.54 2 0.07  17.46 10

No explanation of this anomaly has yet been reached. The good
agreement of the experimental values for the bismuth x-rays in RaD
decay with Siegbahn's tabulated values, plus the agreement of the
value obtained for the uranium LBl x=-ray in the decay of Pu239, add
considerable weight to the validity of the data as they stand.
Attempts at explanations based upon the isotope shift, or upon the
interaction of an excited state of the nucleus with the electron

levels, fall short by orders of magnitude in explaining the approximate



60 volt shift implied by the data. The most promising explanation
would seem to be one based -upon a aouble ionization; which is capable
of causing shifts of this order of magnitude, but such explanations
demand so many conditions as to seem unlikely.

No x-rays were observable which could be attributed to thorium.
Consideration of the maximum intensity which could have escaped
detection leads to an upper 1imit for the igtensity ratio of the
thorium LB; to thai of the uranium Lﬁl of 123&2

The intensity data of Table IX iead tc a ratic of quantum yields of

Lyt Llys L3 «1:%.9:21.3
and, if Kinsey’s data for the fluorescent yields are employed; the
vacancy ratios are

LysL, L, = £21.05: 0.49 (ignoring the
o Coster-Kronig transitions).

These figures are not very meaningful . however, since a large number
of K x-rays is present, which wiil lead to L vacancies through K
shell filling. On the bais of observations on a scintillation crystal
pulse analyzer; the ratio of K to I x-rays is about unityo24
Taking the ¥ fluorescence yield as about 100 percent at this atomic
number,38 the number of K vacancies may be taken as equal %o the
number of I x-rays from which the number of I vacancies may be cor-
rected for those arising from K vacancies, assuming the ratios of
the K x-rays to be

Kay :Kay 2 KﬁlBB :KBy = 100 : 50: 45: 20
by extrapolating the data listed in Compton and Allison.3% This cor-
rection leads to the ratios of L vacancies from L conversion processes:

Ly :LZ: L3 =1:0.82: 0,03

again ignoring the Coster-Krcnig transitions.
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Theoretical calculations on the capture process at this atomic
number and with this decay energy lead to the conclusion that the
process should be 80 percent K capture in‘ an allowed transition.
Using Kinsey's fluorescent yields, the K x-ray ratios noted above,
and the relative x-ray yields from a given L shell as derived from
the data on Pa233 (see Table X), there should be 0.085 visible
thorium Lﬁl x-rays per capture event (assuming all L capture from
the L, shell only).

Analysis and integration of the e~ spectrum of Pa232 in a double
focusing beta ray spectrometer leads to a value of 0.15 K conversion
electrons per beta particle emitted. From the measured ratio of
K to I x-rays mentioned above and the observed number of Lﬂl X-rays,
the number of observed LP; x-rays of uranium per beta particle is
calculated to be 0.062. Taking the lower limit of thorium Lpy
x-rays to uranium Lﬁl x-rays as 34 to 1, the number of beta event
per capture event must be at least 46 to 1. Such a branching ratio
leads to a lower limit for thé capture half-life of 1400 hours, which

is within the 1limits set for a first forbidden transition.

Protactinium 233

The inexplicably high values for uranium x-rays observed in the
decay of pa<3? suggested observation of Pa?33 as a quasi-definitive
experiment in determining whether the effect were real or instrumental.
The experiment would be definitive, of course, only if the effect
were real and confined to Pa232; in such a case, the uranium x-rays
from Pa233 decay would have normal energies, and comparison of pa32 .

and Pa?33 samples in succession would eliminate the possibility of
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instrumental changes as a function of time. Pa233 offers several
advantages and interesting aspects in its own right, since it may be
produced in very high specific activity by pile bombardment of Th232,
has a long enough half-life (27.4 days) for convenient experimentation,
and has been reportedho to have a number of soft gamma rays of energies
within the range of the bent-crystal spectrometer.

Some 10 grams of thorium were bombarded as thorium nitrate in
the 0ak Ridge pile for a period of approximately 2 weeks. The protac-
tinium was separated and purified by the same chemical methods de-
scribed in the section on Pa?32, and the activity mounted as copre-
cipitant on ferric hydroxide. The activity of the mounted sample
was approximately 1011 disintegrations per minute. In the course
of the examination of the spectrum, a new collimator was mounted on
the spectrometer. .The finest collimator previously available con-~
sisted of lead plates Auipches long, 1 inch high, and 2 millimeters
thick, with 2 millimeter spacing between plates at the end of the
collimator nearest the crystal. (Inasmuch as the beam is slightly
divergent as it comes off the diffraction crystal, the collimator
plates are not mounted parallel, but diverge to approximately the
same degree as the beam of diffracted radiation.) The new collimator
was constructed of tantalum plates 0.020.inch in thickness, spaced
0.0ﬁdﬁinch apart. The transparehcy of the collimator thus remains
constant, while the acceptance angle is markedly reduced. The use
of thé new collimator permitted observation of radiation of considerably

higher energy.
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The X-Rays.-- Table X presents the energies of the observed radia-
tion attributed to uranium X ard I, x-rays, the energies of uranium
x-rays as tabulated by Siegbahn, and the obsezved intensities as
compared to the Lﬁl. It is apparent that the same deviation from
tabulated values ié present as in the case of the uranium x-rays from
pa?32 decay and, indeed, the agreement with the energy values found
in the Pa232 case is acceptable as within experimental erfor. As a
result, the experiment casts no great amount of fdditional light
upon the problem. If the shift is due to a double ionization effect,
it is not surprising to find it in Pa?33, since this nuclide is
notorious for the complexity of its decay scheme with regard to the
number of emitted gamma rays.

Included in Table X with the energies of the radiation attributed
to uranium K x-rays are two lines which are considered to be second
order reflections of the K x-rays. Although absorption expefinents
were not performed, the agreement of the energies of these lines
with one-half the energies of the K x-rays is considered to be fairly
conclusife evidence of the second order relationship, particularly
in view of the fact that the appearance of two gamma rays having an
energy fitting this relation can be taken as a very remote possibility.
Inasmuch as the range of uncertainty in energy is considerably less
at the energies of the second order reflections, the energies of the
second order reflections may be taken as ‘a better measure of the
K x-ray energies than the observations made on the x-rays themselves.
On this basis; the observed energies of the K xrrayé are seen to be

notably higher than the energies tabulated‘by Siegbahn.



Table X. Energies and intensities
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x-rays in Pa<33 decay.

of the uranium

Energy

Line Transition Eﬁ: ;ﬁy lE)gezggy (lsa'i;i; Intensity
Kay K - L3 99.0 £ 0.8 (1st order) - 97.88 380

99.0 L 0.4 (2nd order) - 9
Ka, K-L,  95.1%0.7 (1st order) - 94 .48 190

94.9 £ 0.4 (2nd order) - 6
La, Ly - M, 13.47 * 0.02 13.46 £ 0.02 13.44 7.2
Lay Ly - Ms 13.65  0.01 13.65 = 0.02 13.61 56
L L, - 4 15.45 * 0.02 -- 15.40 2
LBy Ly - N 15.75 £ 0.02 - 15.72 2
LB, Ly - Ng 16.49 ¥ 0.02 16.48 L 0.02 16.43 35
LB, L, - M, 16.60 = 0.03 -- 16.57 P
Lp; Ly - ¥, 17.27 * 0.01 17.29 = 0.02 17.22 100
Ly L] - ¥, 17.51 * 0.01 17.54 % 0.02 17.46 23
LBy o L - 18.09  0.03 - 18.03 - 2
LB 1, - M5 18.27 * 0.02 - 18.21 2
LY L, - Ny 19.59 Z 0.03 -- 19.51 1.5
LY, L, - N, 20.25 = 0.02 20.26 £ 0.04 20.16 37
LY, L; - N, 20.55 * 0.02 - 20.49 13
LY3-LYs Ly - N3 20.85 % 0.04 - 20.72 16

Ly - 0 20.85

LY, L - 0 21.62 £ 0.02 - 21.57 6
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In attempting an explanation of this discrepancy; a Moseley extra-
polation was made on the basis of.the tabulated K x-ray energies of
lead and bismuth. The extrapolated value for the thorium Kap was
90.48 kev, and that of the Ko.l, 93.54 kev, in very good agreement
(0.05 percent errpr) with the‘ta.bulated values of 90.43 kev and
93.51 kev, respectively. In the case of uranium the comparison was
much less satisfactory. The extrapolated values for the uranium
Ka.2 and Kal were 95,22 and 98.53 kev, while the tabulated values are
94 .47 and 97.87 kev, a difference of same 0.7 percent. It is difficult
to understand such a sharp change in the accuracy of the Moseley re-
lation, and, indeed the results suggest at once that the tabulated
data on uranium x-rays may be in error. On the strength of this
possibility, an extrapolation was made based upon the values for
thorium K x-rays, using the A(.‘\’_"/'R)l/ 2 obtained from the data on lead
and bismth. This calculation leads to the result that the Ka, of
uranium is 95.17 kev and the Kaj 98.56 kev. When these figures are
compared with the experimental results (averaging the first and second
order reflections) of 95.0 2 0.2and 99.0 % 0.2, agreement is reached
to 0.1 percent in the case of the Ka, and to 0.5 percent in the case
of the Kay,within the limits of experimental. ;rror in the case of the
Kay, and barely outside these limits for the Kay. It seems justi:
fiable to conclude that the tabulated values for uranium K x-rays
are in error, and that the values obtained here may be taken as the
K x-ray energies for uranium. A tempting explanation of the high
values for the L x-ray energies is that the emission of the converted

K electron is followed very rapidly (within electron readjustment times)
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by a conversion of another gamma ray in the L shell, and that the L
vacancies are filled while the K vacancy is empty, or during the
process of its filling. The change in scregning constant values in
such a process would result in the increase of thé L x-ray energies.
Such an explanation demands that conversion in the I, shell take place
only under these conditions (otherwisé the "normal" I, x~rays would he
seen) and, indeed, such a contingency seemg unlikely in view of the
numerous gamma rays capable of 1, conversion.

The high intensity of the source permits cbservation of a greater
number of lines in the x-ray spectrum than in any previous sample;
the high intensity of the principal lines, plus the advantage ofva
low atomic number carrier, permits calculation of the relative in-
tensifies of the x-ray‘lines with a fairly high degree of confidence
in the result. Table XI presents the relative intensities of x-ray
lines arising from a given x~ray vacancy, and compares these figures
with those tabulated by Compton and Allison.!® Tt is noteworthy that
the greatest deviations occur in just those cases in which the effect
of the I, edges of uranium would be expected to affect Compton and
Allison's data most seriously. For example, consider the Lﬁ3 and
the other x—rays.arisrng from this type vacancy. The energy of the
LﬁB line lies .just above the L edge of uranium, while those of the
LY, and LYy lie just below the L, edge, and that of the LY, lies just
below the Ly edge. As a result, one would expect the LBB to be
absorbed somewhat more heavily than the other lines of the series and,
in consequence, should be relatively reduced in data uncorrected for

this effect. In comparing the Compton and Allison data with those
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Table XI. Relative intensities of x-rays arising
from a given L vacancy.

Relative intensity of x-radiation

arising from this shell vacancy
Vacant Compton

shell TLine Transition and Allison pa?33 pa23?
L, LB, L, -M, 98 135" --
Ly Ly - Mg 100 100 --
LY, L -N, 36 55 -
LYy L - N3 33 (66)°" -
1Y, L - O 0 26 -
Leyy 1 - M, 0 7 -
Ly Ly - Mg 0 10 -
L, LB Ly-N, 100 100 100
Ln L, - M4 2 2 -
LYs  Lp-N 0 1.5 —-
Y, Lp-§, 24 36 37
LYy L,-0, bk 15 15
Ly Loy, Ly - Mg 100 100 -
Lo Ly- M, 11 13 -
Ly Ly -MN 1.6 2 -
LB, 13- N, 28 35 -
Lg Ly = M 3.4 - -
Lfy L3-0 0.4 — -
Lps L3 -0, 6.4 -- -

*Doubtful through difficulty of resolution from the Lf,.
**Doubtful thraugh poor resolution from L‘Y6.
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taken here, it is surprising to note that the deviation is in the
opposite direction, i.e., that in the data uncorrected for self-absorption
the LﬁB is more intense with respect to the ‘\other lines than in the
case of the data for which this effect has presumably been corrected
out. No explanation of this anomaly has been attempted, although
if one bears in mind the high correction f:?.ctors of relatively un-
certain validity applied to the data of Con}pton and Allison, as well
as to the data here, it becomes remarkable tha‘t any quantitative
agreement on intensities is reached. The soft lines of the I, series,
however, do show remarkable agreement under the circumstances. The
agreement between the LBl to LYl ratios in the cases of the Pa233
and Pa232 runs is also nét.eworthy. If the usual values for the
fluorescent yields of the L shells are applied to these data, the
resulting ratios, ignoring for the moment the Coster-Kronig effect
for the Ll - L3M shift, are:

Ly :L,: L3 =1,0:0.46:0.18 .
To have any = gnificance in regard to L conversion processes, these
data must be corrected for the I, vacancies produced by 1, electrons
filling the K vacancies produced by K conversion events. Basing
these corrections on the observed intensities of the K x-rays and
taking the K fluorescent yield as approximately 100 percent,38 the
L vacancy ratios are:

Ly :L2:L3 =1.0: 0.13: 0.0
where the Ka; abundance demands that all observed Lg vacancies arise
from f.hat source and, indeed, the agreement between the Kaj intensity

and the L3 vacancy intensity is well within experimental error.
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Such a result brings up additional difficulties, for it implies that
the Coster-Kronig coefficient for the transition Ly - L3H is essentially
zZero.

The Gamma Rays.-- The gamma radiation of Pa233 has been investi-

gated thoroughly by Keller and (_)or-lstlpO using the methods of beta spec-
troscopy. They find some 13 gamma rays varying in energy from 28.9 to
416.4 kilovolts. Many of these lines are within the range of the
bent-crystal spectrometer with the improved collimation mentioned
above; Table XII presents the energies and intensities of the lines
which were observed, and compares the energies with the values re-
ported by Keller and Cork. It is seen that the agreement is, in
general, excellent. All the lines of energy less than 100 kilovolts
reported by Keller and Cork were observed, with the possible exception
of one doubtful case (the line of energy 58.1 kev) and, in addition,
two more low energy gamma rays were found. It is significant that
the.17.h kev line demanded by the decay scheme proposed by Keller and
Cork was not observable, although it is, of course, possible that

the transition is so highly converted as to be unobservable as
electromagnetic radiation.

Table XII. Energies and intensities of the
gamma rays in Pa33 decay.

Energy Energy

Line here (Eeller) Intensity
G, 28.67%0.02  28.9 2.5
G, 40;47 Lo 40.6 2.0
Gy 75.4 = 0.2 75.7 55

Gy, 87.0% 0.3 87.1 72
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DISCUSSIONS AND CONCLUSIONS

One of the more disappointing aspects of the data gathered here
is that they illustrate the rather poor stade of knowledge of extra-
nuclear processes, when these processes are considered in detail.
It is clear from even the small number of cases cited that Kinsey's
generalization on the ratios of converaion'in the L shells was not
Justified, and that these ratios will vary ‘with the energy and multi-
pole order of the gamma ray converted. The Coster-Kronig transitions
pose a more difficult problem; in the case of Amzal, Kinsey's estimate
of 60 percent for the L - L3H transition agrees quite well with the
data and yet, in the case of P3233 and Pa232, this coefficient must
be taken as essentially zero on the basis of the data. Such a
startling change within one atomic number is not accounted for by
the theory. In the case of szlo, where an upper limit of 16 percent
was set to the Ll - L3H coefficient, it is possible to account for
the change, at least qualitatively, by noting that the I =- L3 energy
difference in the uranium region is large enough to permit ejection
of an H3 electron; while at bismuth the L) - 13 difference is sufficient

for ejection of an M, electron only. A further point in this respect

4
is that for atomic numbers beyond 90, the L2 - L3 difference is suf-

-

ficient for ejection of an Mh electron. Inasmuch as L, - L3M tran-

2
sitions were not considered in the calculdtions, the rise of the
coefficient for this transition would result in an apparent increase
in the Ll - L3H coefficient.

The values for relative intensities of x-rays arising from a

given L vacancy are still at odds with the theory. While the values
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tabulated in the text are believed to be generally better than those
listed by Compton and Allison, by virtue of a correction for sample
absorption; they are not sufficiently different to overcome the
theoretical difficulties which these authors point out, in that wave-
mechanical calculations of the relative abundances of doublets will
lead to values quite different from those experimentally obtained.

The apparent anomaly in the energies of the uranium x-rays from
the decay of Pa?33 and Pa232 remains unexplained, since it is diffi-
cult; as noted in the text, to dismiss the effect as one of instrumental
error. A most interesting experiment would be the observation of

238 decay; if these should agree in energy

the uranium x-rays from Pu
with Siegbahn's values and the values obtained from Pu239 decay,

the reality of the shift in the x-ray energies in the protactinium
decay would be established beyond doubt, and a more comprehensive
search for an explanation would be justifiable.

The few experiments described here actually do little more than
to point up the nature of the problems to be solved in this type of
experimentation and to illustrate the very great capabilities of
a precision instrument in attacking problems in the nuclear field of
research. A spectrometer of the type described here, used in con-
Junction with a high resolution beta ray spectrometer, makes it
possible to assign multipble orders and parities to the nuclear levels
in even such a complicated decay scheme as that of Pa233; used in
conjunction with an alpha ray spectrometer, it can be of tremendous
aid in analyzing the decay schemes of complex alpha spectra. The

extension of these techniques to decay schemes involving isomeric
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transitions should hold great promise, and it is only by the use of
such an instrument that a comprehensive experimental attack can be
made on the problems of electron capture; fa* only by this means can
the ratios of K electron capture to capture from the various I levels
be ascertained. The introduction of coincidence methods to the
présent techniques of the spectrometer uoﬁlg call for no great amount
of elaboration in apparatus and would widen‘even further the poten-
tialities of the spectrometer. The proper application of bent crystal
spectroscopy to the fields of nuclear research\will be striking in

the extension of knowledge.
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