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The Masses of the Heavy Isotopes
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Radioactive decay data are used to calculate the atomic masses of the heavy isotopes, 4 2> 202.
The data have been critically surveyed ; in some cases they have been supplemented by construction
of tentative energy level schemes or by estimates of decay energies. With the adoption of certain
assumptions a connection between the different radioactive families is made possible. The masses
thus obtained have been tabulated and plotted. Atomic weight 209 on the Weizsaecker-Fermi formula
is found to be unsatisfactory for the calculation of the masses, results deviating by as much as 0.020
mass units from those obtained by experimental data if the latter be adjusted to the calculated ones in

the region of lead.

INTRODUCTION

T present, five parts in 10° is probably the best
accuracy! obtainable in spectrographic meas-
urements of the heavy masses, giving an uncer-
tainty of the order of 0.010 mass unit or about 10
Mev in their determination. This error is entirely
due to measurement, and hence statistical in nature,
so that the error in the difference of two masses,
one of which is the parent of the other in radio-
active decay, must be expected to be of the same
order of magnitude, making the masses thus ob-
tained altogether unsuitable for evaluating decay
energies.
A method of estimating atomic masses is ob-
tained in the use of the Weizsaecker-Fermi for-
mula,?3

M=1.014644 +0.0144%+(0.041905/Z ,)

X(Z—Z4)*—0.041905Z 4+,
where: .
Z4=(A4/1.98140.01498)4%, (1)
and
6=0 for 4 odd

Z odd

=40.0364"% for 4 even{Z .
even

Here M is the exact atomic weight, 4 the number
of elementary particles in the isotope, Z is the
atomic number, and § a symmetry term. The form
of this relation is obtained on theoretical grounds.
The constants are adjusted empirically, in part to
fit data in the region of the lighter isotopes whose
masses are well known, in part to yield zero mass
defect (i.e., M=A) for A=173. The formula re-
produces semi-quantitatively the M-A4-Z surface
for both light and medium isotopes, showing that
it is based on assumptions that are justified in
these regions. For heavy isotopes it departs from

! K. T. Bainbridge, private communication.

* An extensive discussion of the origin and theory of this
relation is given in Eugene Feenberg, Rev. Mod. Phys. 19,
239 (1947).

3For the coefficients here used, see: N. Metropolis, Table
of Atomic Masses (Institute for Nuclear Studies, Chicago,
Illinois, January, 1948)

the experimental data as shown in Fig. 4. Its dis-
advantage is that it cannot reveal binding energy
irregularities, and even apart from these, the model
upon which the formula is based may not be quite
refined enough.? )

In this paper we have used all known disintegra-
tion energy data to construct a table of masses of
the heavy nuclei.* A similar work was done by
Dempster® in 1938 and Fluegge and Mattauch,® in
1943. Since, however, many new data have in the
meantime become available, we have thought it

worth while to recalculate and extend their table.

PROCEDURE

There are four radioactive families: 1. Uranium
family, ending in Pb?%¢, of type 4n+2. 2. Actinium
family, ending in Pb%"", of type 4n-+-3. 3. Thorium
family, ending in Pb2%%8, of type 4%. 4. Neptunium
family, ending in Bi2%%, of type 4n--1.

If we assume that the masses of the three leads
and of stable bismuth are knowrn, we can then find
(apart from minor difficulties discussed later) the
masses of all the elements in the four families. It
would, of course, be highly desirable also to be
able to compare the masses of different families.
This however, is impossible with decay data only.
The problem of interconnection of the four families
could be solved by accurate mass-spectroscopic
observation of one member of each family, e.g., the
isotopes of lead and bismuth ; or perhaps by nuclear
methods such as measurement of the energy of
v-rays emitted on slow neutron capture, or meas-
urement of thresholds in (%, @), (#,2a), - - -, (#,P),
(n, 2p), - - - reactions; in the latter case all the masses
would then be fixed within an additive constant.
Since these experiments seem, however, difficult, we
have limited ourselves to calculating all the masses
with the known data, and connecting the families by

4 Many of the data together with their references are taken
from G.) T. Seaborg, Table of Isotopes, Rev. Mod. Phys. 16,
1 (1944).

5A. J. Dempster, Phys. Rev. 53, 869 (1938).

6 S. Fluegge and J. Mattauch, Physik. Zeits. 44, 181-194,
391 (1943).
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means of the Weizsaecker-Fermi relation. From
this it is clear that, whereas data within any one
family are based on experimental facts, those con-
.necting two families are purely hypothetical and
subject to change. The masses which have been
adopted for the end members of the families are:

Pb%;  206.04519,
Pb27: 207.04725,
Pb28: 208.04704,
Bi?®: 209.05325,

and were, according ‘to a suggestion made by

E. Fermi, obtained by making the average mass

distance between the families in the region Th—U
equal to the calculated one, and then fixing the
mass of Pb2%8 to give a reasonable packing fraction,
here taken as 2.26X10~% (Note that all the masses
given are atomic.) The assumption of fixing the
position of the members of the families with the
help of Eq. (1) seems reasonable, though it must
be remembered that the absolute masses may be
collectively displaced from their true values by
perhaps a maximum of 0.010 mass units. The neu-
tron binding energies to the isotopes Pb20" and

214

82" "RaB . 1.000
" A 0.350
83® Roc[ I 0297
7 9.056

F16. 1. Assumed energy levels for the transition RaB-RaC.
Dotted arrow represents 8~-ray, solid arrows, y-rays.

Pb?% are calculated from the above values to be
6.85 Mev and 8.05 Mev, respectively. From our
assumptions we obtain the following packing frac-
tions multiplied by 10%: Pb26: 2.19; Pb27; 2.28;
Pb28: 2.28. Dempster® gives values from 2.0 to
2.3. Nier” gives for the packing fraction of all the
lead isotopes that yields the best agreement with
chemical atomic weights the value 1.55. Fluegge
and Mattauch® give 2.08, 2.15, and 2.24 respect-
ively, all with an uncertainty of 0.33.

We have adopted the following values entering
into radioactive decay : Mass of « particle : 4.00389 ;8
1 mass unit=931.4 Mev.?

There are three ways in which a heavy isotope
4 is found to decay into a product B:

(a) a-emission. The equation expressing con-
servation of momentum, energy, and mass can be
written :

A=B+oa+E()+EB)+E(XY), (2)

7 A. O. Nier, Phys. Rev. 55, 153 (1939).
(1;31% S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 373
*R. T. Birge, Rev. Mod. Phys. 13, 233 (1941).
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F16. 2. Assumed energy levels for the transition AcX-Ac4.
Dotted arrows represent a-rays, solid arrows, y-rays.

where 4, B, represent the rest masses of the re-
spective particles, E(«), E(B), the kinetic energy of
particles @, B respectively, and E(Yv) the sum
total energy of the photons, if any, that are emitted
in series with the particle and each other. E(a) and
E(B) are, of course, determined by taking the con-
servation of momentum into account. At times only
the half-life of the decay is known, in which case
the Geiger-Nuttall rule has been used to estimate
the a-energy. In such a case, “GN” with the corre-
sponding estimate is given as one of the references
in the mass table.
(b) B-emission. Here the equation reads:

A=B+En()+EXY), 3)

where E,(8~) denotes the maximum energy of the
B~-spectrum.
(c) Electron capture. In this case we have:

A=B+EX)+E®R)+, )

where we have, in all cases, assumed capture of the
K-electron followed by emission of x-rays of total
energy E(X) equal approximately to the ionization
potential of the k-electron which ranges from 87
kev for Hg'to 123 kev for Am if one uses the simple
Bohr model. » denotes the energy of the emitted
neutrino. In the mass table this energy is reported

89228M5Th2 2.928

I ‘ 1.378
- o9is
90%%%RdTh T = 3857

T 0538
l 0.408

0

F1G6. 3. Assumed energy levels for the transition MsTh,-RdTh.
Dotted arrow represents -ray, solid arrows, y-rays.
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TaBLE I. Column 1 gives Z, the atomic number; column 2,
A, the atomic weight to the nearest integer; column 2, the
mass defect defined here as A=M—A4, always positive in
this table (M =exact atomic weight); column 4, references for
the decay data of the isotopes, the reference always giving the
decay properties of the isotope in its row.

VA A A References and remarks
80 202 0.03767+V5+ ve— V1 Stable
203 0.04122+w10+»1—ve F1, M6
205 0.04615—v; F1, M6
81 202 0.03820+ 5+ M6
203 0.04041+4pyo+v7—v2 Stable
204 0.041754ws F3, T1, B4
205 0.04442—y; Stable
206 0.04702 F2, T1, B4
207 0.04934 B1, R1, C3, S3
208 0.05290 R1, C3, S4
209 0.05778 Energy balance
210 0.06264 C3, R1, S5, L8
82 202 0.03766+»s5+ s Estimate, 3~=0.5 Mev
203 0.04099+ 1047 L3, M6
204 0.04081+ s Stable
205 0.04559 Estimate, y=1.0 Mev
206 0.04519 Stable
207 0.04725 Stable
208 0.04754 Stable
209 0.05398 M6, HS, E1
210 0.05622 S3
211 0.06196 R1, S3
212 0.06487 R1, C3, S4
214 0.07362 R1, C3, S4, Energy balance
83 204 0.04177+vs+vs T1
206 0.04628-+ ;s F2, C2
207 0.04898+»10 Energy balance
208 0.04968 S1, estimate, v4+v=1.9 Mev
209 0.05325 Stable :
210 0.05614 C3, M5, F4, B4
211 0.06047 R1, C3, Energy balance
212 0.06345 R1, C3
213 0.06824 HS5, El
214 0.07255 R1, C3, S4, S5
84 206 0.04724+vs+vs T1
207 0.05047+v1047 T1
208 0.050324»g T1, estimate, v=0.5 Mev
209 0.05496 T1, Energy balance
210 0.05488 R1, C3, L2
211 0.05927 C1, C2, LS
212 0.06094 R1
213 0.06696 HS5
214 0.06852 R1
215 0.07392 R1, K4, Energy balance
216 0.07617 B2, K2, R1
218 0.08407 K3, R1, Energy balance
85 210 0.05606+ vy K5
211 0.05938+4»10 Ct, C2
212 0.06079 GN 6.6 Mev, P4
214 0.06955 M10
215 0.07313 K4, G2
216 0.07586 K2, G2
217 0.07979 H5, El
218 0.08369 K3
86 216 0.07358 M10
217 0.07939 M10
218 0.08017 S10
219 0.08527 C3
220 0.08693 C3
222 0.09397 C3

STERN
TABEL 1.—Continued

zZ A A References and remarks
87 218 0.08198 M10

219 0.08501 G2

220 0.08706 G2

221 0.09057 Hs, E1

223 0.09697 P1, P2, P3, L7
88 220 0.08567 M10

221 0.09060 M10

222 0.09116 S10

223 0.09559 R1, C3, L5

224 0.09703 B2

225 0.10102 HS, Et

226 0.10309 C3

227 0.10723 P7, guess 8~ 0.5 Mev

228 0.11005 L4
89 222 0.09342 M10

223 0.09615 G2

224 0.09769 G2

225 0.10081 HS, E1

227 0.10666 H4, P1, P3

228 0.11005 R1, G1, L1, C3
90 224 0.09743 M10

225 0.10170 M10

226 0.10193 S10

227 0.10642 C3, Energy balance

228 0.10685 C3

229 0.11021 HS5, El

230 0.11206 w3, C3

231 0.11628 N1, C3

232 0.11852 C4

233 0.12198 M2

234 0.12394 S4, J1, B6, M8
91 226 0.10494 M10

227 0.10710 G2

228 0.10823 G2

229 0.11088 H7

230 0.11441 S10, O1

231 0.11607 C3

232 0.11768 01

233 0.12027 H2, H3, L6

234 0.12281 F5, M9, B5
92 228 0.10863 M10

229 0.11258 M10

230 0.11222 S10

232 0.11650 K6

233 0.11937 S6

234 -0.12115 R1

235 0.12517 Di, S15

237 0.13010 M7, N2

238 0.13232 B3

239 0.13704 11, F6
93 231 0.11776 G3

235 0.12549+4»y4 S7, J6

237 0.12932 W4, S9, J2

238 0.13255 W4, J4

239 0.13620 H1, M4, M3, S2, F6, S16
94 232 0.11973 J7

234 0.12269 H6, P6

236 0.12667 J3

238 0.13106 C5, P5, S8

239 0.1349%4 Cs, S14

241 0.13909 S12, S13, Energy balance
95 239 0.13568 J5

241 0.13919 S7, S9, S12

242 0.14215 S12
96 240 0.13744 Si1

242 0.14160 S7, S9, Si11
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as follows

V1 for 81202
ve for 82208
v3 for 82205
vy for 83204

vs for 83208
ve for 84208
vy for 84207

vs for 84208
vy for 85210
v10 for 85211
Vi1 fOl‘ 93235

where v may range from 0 to perhaps 2 Mev.

To obtain the correct transition energies, it has
at times been necessary to construct nuclear energy
level diagrams. These are completely hypothetical,
and had to be postulated for the sake of definite-
ness. Most of the data therefor were taken from
Rasetti.!® The energy level diagrams are in sub-
stantial agreement with those of Surugue! as far as
the latter extend. The transitions from RaB to
RaC in the uranium family, AcX to Ac4 in the
actinium family, and MsTh, to RdTh in the
thorium family were constructed from data in
Rasetti, and are given in Fig. 1, Fig. 2, Fig. 3,
respectively. They are, of course, completely hypo-
thetical, with errors of the order of one third the
radiation energy easily possible. Note that in the
case of At*6, Karlik’s'? data for the o energy were
so high as to make an energy balance in the two
branches from Po?® impossible without some as
yet untested assumptions. We hence took the
a-energy as 7.79 Mev, the f—-energy arbitrarily as
0.30 Mey. This assumption affects only the masses
of At?® and Bi*? with the latter possibly being
Bi??* according to Karlik.

ERRORS

If branching occurs in the decay, and the energies
of three of the four branches are known, the decay
energy of the fourth branch can be obtained there-
from. Masses thus obtained have the words ‘‘energy
balance” in the reference column of the mass table,
and are as accurate as the three data from which
they are calculated. Some isotopes are labeled
“‘estimate’’ in the reference column. Estimates were
often based on comparison with neighboring data,
and were used only if a reasonable guess could be
made and if thereby no more than a few isotopes
were affected. The mass difference of parent-
daughter masses is known accurately in the case of
most a-decays. In the case of B~-decay the uncer-
tainty is usually larger; in addition, in several
cases we are still uncertain about the y-level
schemes, so that a reasonable average error in the
mass difference of any two parent-daughter iso-
topes, 7 steps apart, seems to be about 0.3(z)* Mev.
Since, at times, the decay energy is nevertheless
much more accurately known, five figures after the
decimal point are kept for all masses. Finally, we

10 Franco Rasetti, Elements of Nuclear Physics, pp. 116,
125-128 and 150.

1 J, Surugue, J. de phys. et rad. 7, 145 (1946).

12 B. Karlik and T. Bernert, Zeits. f. Physik 123, 51 (1944).
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from mass table. (b): values from W-F formula. (c): values
from W-F formula with term added to improve fit.

estimate that the probable error in the mass dif-

ferences of the four basic masses is approximately
1.5 Mev. -

TABLE OF MASSES

The table of masses is given in Table 1.

DISCUSSION

Figure 4 shows the mass defects obtained from
the table (curve (4), solid) compared with those
obtained from the Weizsaecker-Fermi formula
(curve (B), dashed), both plotted against 4; the
isotopes chosen were the most stable isobars of a
given A. Their charge Z is written at the bottom of
the graph, above the abscissa scale. Two features
stand out from this plot: (1) The Weizsaecker-
Fermi relation, due to the symmetry term, gives
curve (C) a periodicity of two; the experimental
data, adjusted in the Th region as discussed in
part B, seem to retain this feature. (2) From 4 =209
on, the two curves depart significantly and non-

randomly from a parallel course, thus indicating

perhaps that the nucleons are in the process of
some rearrangement, with, say, more protons on
the surface, resulting in a Coulomb force and aver-
age binding energy different from that assumed in
the Weizsaecker-Fermi model; perhaps the dis-
crepancy is also due in part to the compressibility of
the nucleus suggested by Feenberg.? The difference
between curves (4) and (B) seems to reach a
maximum or a stable value of about 0.013 mass
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unit or 12 Mev at or around 4 =237. It is found
that the total difference between the two curves is
well represented by a correction term +0.01270
—0.02340¢71%= to Eq. (1) where x=(4 —208)/208,
the exponential part of the correction being applied
only for 4 > 208. With this correction term added,
the Weizsaecker-Fermi formula gives a very good fit
with the masses of the table and curve (4), as
shown by points (C) of Fig. 4, the deviation never
exceeding 1.5 Mev, the deviation between parent-
daughter mass differences of isotopes shown on the
graph being less than 1 Mev in all cases. A theo-
retical explanation of the correction term will not
be attempted.

We should like to thank Professor E. Segré for

suggesting this work and contributing valuable
help and advice to the investigation.

BIBLIOGRAPHY*

(B1) E. Bretscher and L. G. Cook, Nature 146, 430 (1940).

(B2) G. H. Briggs, Proc. Roy. Soc. London A157, 183
(1936).

(B3) H. Becquerel, Comptes Rendus 122, 420 ff. (1896).

(B4) E. Broda and N. Feather, Proc. Roy. Soc. London
A190, 20 (1947).

(BS) H. L. Bradt and P. Scherrer, Helv. Phys. Acta 18, 260,
405 (1945).

(B6) H.L.Bradtand P. Scherrer, Phys. Rev. 71, 141 (1947).

(B7) H. L. Bradt and P. Scherrer, Helv. Phys. Acta 19, 307
(1946).

(C1) Corson, Mackenzie, and Segré, Phys. Rev 57, 459,
1087 (1940).

(C2) Corson, Mackenzie, and Segré, Phys. Rev. 58, 672
(1940).

(C3) Curie, Debierne, Eve, Geiger, Hahn, Lind, St. Meyer,
Rutherford, and Schweidler, Rev. Mod. Phys. 3,
427 (1931).

(C4) M. Curie, Comptes Rendus 126, 1101 (1898).

(C5) Chamberlain, Gofman, Segré, and Wahl, Phys. Rev.
71, 529 (1947).

(D1) A. J. Dempster, Nature, 136, 180 (1935).

(E1) English, Cranshaw, Demers, Harvey, Hincks, Jelley,
and May, Phys. Rev. 72, 253 (1947).

(F1) G. Friedlander and C. S. Wu, Phys. Rev. 63, 227
(1943).

(F2) K.Fajansand A. E. Voight, Phys. Rev. 60, 619 (1941).

(F3) K.Fajansand A. E. Voight, Phys. Rev. 58, 117 (1940).

(F4) A. Flammersfeld, Zeits. f. Physik 112, 727 (1939).

(F5) N. Feather and E. Bretscher, Proc. Roy. Soc. London
A165, 530 (1938). :

(F6) N. Feather, Nature 160, 749 (1947).

(G1) G. Guében, Ann. Soc. Sci. Bruxelles B52, 53 60, 115
(1932-33).

(G2) Ghiorso, Meinke, and Seaborg, Phys. Rev. 74, 695
(1948).

(G3) Ghiorso, Magnusson, and Seaborg, unpublished data
(reported as G147 in Seaborg and Perlman).**

(H1) A. C. Helmholz, private communication.

(H2) O. Hahn and F. Strassmann, Naturwiss. 29, 285 (1941).

(H3) E. Haggstrom, Phys. Rev. 59, 322 (1941).

* This list is by no means complete; it contains the minimum number of
references necessary to justify the decay values that we have adopted.

#* “Seaborg and Perlman'’ refers to “Table of the Isotopes’” by G. T.
Seaborg and I. Perlman, Rev. Mod. Phys. 20, 585-658 (1948)

MARTIN O. STERN

(H4) Hull, Libby, and Latimer, J. Am. Chem. Soc. 57, 1649
(1935).

(H5) Hagemann, Katzin, Studier, Ghiorso, and Seaborg,
Phys. Rev. 72, 242 (1947).

(H6) Hyde, Studier, and Ghiorso, NNES-PPR 14B, # 22.15
(December 1946) (reported as H104 in Seaborg and
Perlman).

(H7) Hyde, Studier, and Bruehlman, PPR ANL-4112, p. 23

(February 1948) (reported as H145 in Seaborg and
Perlman).

(I1) John W. Irvine, Jr., Phys. Rev. 55, 1105 (1939).

(J1) Swami Jnanananda, Phys. Rev. 69, 570 (1946).

(J2) A. H. Jaffey, private communication (reported as J102

: in Seaborg and Perlman).

(J3) James, Florin, Hopkins and Ghiorso, NNES-PPR
14B, #22.8 (March 1948) (reported as J109 in Sea-
borg and Perlman).

(J4) A. H. Jaffey and L. B. Magnusson, PPR ANL-4030
(September 1947) (reported as J126 in Seaborg and
Perlman).

(J5) James, Street, and Seaborg, unpublished data (July
1948) (reported as J129 in Seaborg and Perlman).

(J6) R.A. James, unpublished data (July 1948) (reported as
J130 in Seaborg and Perlman).

(J7) James, Orth, and Seaborg, unpublished data (July
1948) (reported as J132 in Seaborg and Perlman).

(K1) R. S. Krishnan and E. A. Nahum, Proc. Camb. Phil.
Soc. 36, 490 (1940).

(K2) B. Karlik and T. Bernert, Naturwiss. 31, 492 (1943).

(K3) B. Karlik and T. Bernert, Naturwiss. 31, 298 (1943).

(K4) B. Karlik and T. Bernert, Naturwiss. 32, 44 (1944).

(KS5) E. L. Kelly and E. Segré, private communication.

(K6) M. Kahn and G. A. Linenberger, PPR LAMS-151, p.

12 (October 1944) (reported.as K122 in Seaborg and
Perlman).

(L1) W.F.Libbyand D. D. Lee, Phys. Rev. 55, 245 (1939).

(L2) J. J. Livingood, Phys. Rev. 50, 425 (1936).

(L3) Lutz, Pool, and Kurbatov, Phys. Rev. 65, 61 (1944).

(L4) D.D.Leeand W. F. Libby, Phys. Rev. 55, 252 (1939).

(LS) W. B. Lewis and B. V. Bowden, Proc. Roy. Soc. Lon-
don A145, 235 (1934).

(L6) Paul W. Levy, Phys. Rev. 72, 352 (1947).

(L7) Lecoin, Perey, and Tsien, Cahiers phys. 26, 10 (1944).

(L8) M. Lecoin, J. de phys. et rad. 9, 81 (1938).

(M1) McMillan, Kamen, and Ruben, Phys. Rev. 52, 375
(1937). .

(M2) Meitner, Strassmann, and Hahn, Zeits. f. Physik 109,
538 (1938).

(M3) Edwin McMillan, Phys. Rev. 55, 510 (1939).

(M4) E. McMillan and P. H. Abelson, Phys. Rev. 57, 1185
(1940).

(M5) K. R. Mackenzie, private communication.

(M6) W. Maurer and W. Ramm, Zeits. f. Physik 119, 602
(1942)

(M7) Edwin McMillan, Phys. Rev. 58, 178 (1940).

(M8) L. Meitner, Zeits. . Physik 17, 54 (1923).

(M9) J. S. Marshall, Proc: Roy. Soc. London A173, 391

(1939).

(M10) Meinke, Ghiorso, and Seaborg, Phys. Rev. 75, 314
(1949).

(N1) Nishina, Yasaki, Kimura, and Ikawa, Nature 142, 874
(1938).

(N2) Nishina, Yasaki, Kimura, and Ikawa, Phys. Rev. 57,
1182 (1940).

(01) Osborne, Thompson, and Van Winkle, NNES-PPR
17B, #9.8 (1946) (reported as 0108 in Seaborg and
Perlman).



MASSES OF THE HEAVY ISOTOPES 321

(P1) M. Perey, Comptes Rendus 208, 97 (1939); J. de Phys.
10, 435 (1939).

(P2) M. Perey-and M. Lecoin, J. de Phys. 10, 439 (1939).

(P3) M. Perey and M. Lecoin, Comptes Rendus 212, 693
(1941).

(P4) T. M. Putnam and M. Weissbluth, private communi-
cation.

(P5) I. Perlman, Chem. and Eng. News 24, 3032 (1946).

(P6) Perlman, O’Connor, and Morgan, NNES-PPR 14B,
#22.30 (reported as P102 in Seaborg and Perlman).

(P7) S. Peterson, NNES-PPR 14B, #19.9 (September 1947)
(reported as P105 in Seaborg and Perlman).

(R1) F. Rasetti, Elements of Nuclear Physics (Prentice-Hall,
Inc., New York, 1947).

(S1) E. Segré, Isotope Chart (Addison-Wesley, 1946).

(S2) K. Starke, Naturwiss. 30, 577 (1942).

(S3) B. W. Sargent, Phys. Rev. 54, 232 (1938).

(S4) B. W. Sargent, Proc. Roy. Soc. London A139, 659
(1939).

(S5) J. Surugue, J. de Phys. 7, 145 (1946).

(S6) Seaborg, Gofman, and Stoughton, Phys. Rev. 71, 378
(1947).

(S7) Seaborg, James, and Morgan, Science 104, 379 (1946).

(S8) Seaborg, McMillan, Kennedy, and Wahl, Phys. Rev.
69, 366 (1946).

(S9) G. T. Seaborg, Chem. and Eng. News 25, 358 (1947).

(S10) M. H. Studier and E. K. Hyde, Abstr. of Decl. Doc.
MDDC-1567 (January 31, 1948).

(S11) Seaborg, James, and Ghiorso NNES-PPR 14B, #22.2
(April 1948) (reported as S142 in Seaborg and Perl-
man).

(S12) Seaborg, James, and Morgan NNES-PPR 14B, #22.1
(June 1948) (reported as S144 in Seaborg and Perl-
man).

(S13) G. T. Seaborg and T. P. Kohman NNES-PPR 14A,
Chapter II (July 1947) (reported as S145 in Seaborg
and Perlman).

(S14) Sullivan, Kohman and Swartout PPR-HEW-3-1635
(February 1945) (reported as S170 in Seaborg and
Perlman).

(S15) B. F. Scott NNES-PPR 17B, #9.14 (November 1946)
(reported as S178 in Seaborg and Perlman).

(S16) H. Slaetis, Nature 160, 579 (1947).

(T1) Templeton, Howland, and Perlman, Phys. Rev. 72,
758 (1947).

(W1) C. S. Wu and G. Friedlander, Phys. Rev. 60, 747
(1941).

(W2) B. Waldman and G. B. Collins, Phys. Rev. 57, 338
(1940).

(W3) A. G. Ward, Proc. Camb. Phil. Soc. 35, 322 (1939).

(W4) A. C. Wahl and G. T. Seaborg, Chem. and Eng. News
23, 2190 (1945).



