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A six-inch double-focusing mass spectrometer has been em-
ployed to determine 61 mass doublets in the region of gadolinium
to gold. The present results and other Minnesota mass data have
been combined with nuclear reaction, B-decay, and ae-decay
energies in order to construct a mass table for more than 200
stable and radioactive isotopes in the region from samarium to
radon. Total atomic binding energies as well as nucleon separation
and pairing energies have been computed, wherever possible.

The present data confirm with greater detail the previously
reported anomalies in the nucleon separation and pairing energies
in the regions around 90 neutrons and 116 neutrons. The proton
pairing energies are found to show rather pronounced “maxima”

around N =88 and N=116, a behavior similar to the previously
reported behavior of neutron pairing energies. The nature of the
discontinuities in these two regions does not appear to follow the
patterns found at major shell closures but seems to be caused by
a change in the nuclear structure in these regions. It is known that
such a change is indicated also by other nuclear properties.

Major discontinuities connected with the shell closures at Z=_82
and N =126 are brought out in greater detail than has previously
been possible.

The mass data have also been employed for the study of isotopic
assignments for several nuclear reactions in this region.

INTRODUCTION

HIS paper presents the results of some mass
measurements, made with a six-inch double-
focusing mass spectrometer, in the region of gadolinium
to gold. The study is an extension of the recent in-
vestigations’> made with this spectrometer in the
heavy mass region. A total of 63 doublets are reported
here. By combining these results with the 32 doublets
of Johnson and Bhanot,®> a mass spectroscopic value
may be determined for the mass of almost every stable
nuclide in the region of gadolinium to gold. No previous
mass spectroscopic masses are available for five of these
elements, viz., terbium, thulium, lutetium, rhenium,
and iridium. The only previous value for gold is an old
value due to Dempster.? In the case of even-Z elements,
no previous mass doublets were available for Gd!®,
Dy2$ Dy's8 Erl62 Yhi6s Yhi7e, Hf!76, Wi and Os'se.
A mass table for more than 200 stable and radioactive
isotopes in the region from samarium to radon is con-
structed from these results and other Minnesota mass
data, in combination with Q values, beta-decay ener-
gies, and alpha-decay energies. Where disagreements
exist between the mass spectroscopic results and the
Q values and decay energies, various somewhat arbi-
trary adjustments have been made to minimize or
eliminate the inconsistencies.

MEASUREMENTS

Virtually all mass determinations by the mass
spectroscopic method employ the doublet technique.
In this technique, the mass difference between an ion
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of unknown mass and a neighboring ion of known mass
is determined. With this mass difference the mass of
the unknown ion may be calculated in terms of the
known mass.

Hydrocarbon molecular or fragment ions serve as
convenient known masses because they exist at practi-
cally every mass number and because the masses of
C2 and H! are precisely known. Use of hydrocarbon
ions, however, has one serious disadvantage. When
using the hydrocarbon ion C,,*H.,}, the rare (abundance
~19%) isotope C® introduces a fragment C,,—1?C®H,,_;!
which has almost the same mass as C,?H,!. In most
mass spectrometers used for mass measurement the
resolution is sufficient in the light mass region to
resolve the C,*H,! ion from the C,,—1*C*¥H,_,*. This
may not be the case, however, in the heavy mass region.
It is possible to overcome this disadvantage by a cor-
rection procedure if the intensity of the C¥ satellite is
small.

The mass spectrometer used in the present measure-
ments has been described previously.#® It has the
property that the mass of the ion collected is propor-
tional to the resistance of a circuit element which
determines the electric fields in the instrument. Ex-
perience has shown that the proportionality is accurate
over a wide range and thus ions differing in mass by
as much as several percent may be accurately com-
pared. The ability of the mass spectrometer to measure
wide doublets has been utilized previously'? to deter-
mine the mass differences between isotopes of the same
element differing by one mass number. These “isotopic
doublets” were then employed as consistency tests for
atomic masses determined with hydrocarbon doublets
and also to determine neutron separation energies and
pairing energies.

4 A. O. Nier, in Mass Spectroscopy in Physics Research, National
Bureau of Standards Circular No. 522 (U. S. Government
Printing Office, Washington, D. C., 1953).

5A. O. Nier, in Nuclear Masses and Their Determinations
(Pergamon Press, London, 1957), p. 185.
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In the present investigation, the measurement of
isotopic doublets has been extended to isotopes differing
by two mass numbers. By this extension, one can
measure the mass differences between all of the stable
isotopes of an element. The masses of all of the stable
isotopes of an element may thus be determined by the
measurement of the mass of any one isotope of that
element by means of a hydrocarbon doublet, since the
masses of the other isotopes can be calculated from the
isotopic doublet differences. Fortunately, hydrocarbon
ions having small C® corrections were found for at
least one mass number for practically every element in
the region under consideration.

RESULTS

Table I lists the hydrocarbon type of doublets and
the mass differences obtained. In the case of the last
two doublets of Table I, Au®” was compared with an
isotope of mercury. The error quoted for a particular
doublet is the square root of the sum of the squares of
the various contributing errors. These contributing
errors include the errors resulting from resistance cali-
bration uncertainties, the standard error of the mean
of the runs taken and an error equal to the correspond-
ing C® satellite correction, if any. This latter effect
was never a major source of error since, as mentioned

TABLE I. Mass doublets in which mass of one member
is known from other data.

Doublet? AM in mmuP °
C11H; 0N — Gd1ss 159.14+0.12
CBCyH3,0 —Th1# 245.614-0.11
CioH;6— Gdl60 198.114-0.09
Ci2Hy6—Dy1% 200.404-0.11
CioHyj3—Dy'62 214.444-0.09
%HO‘“-— CsHm 38710:1:0.10
C/H;F;—Er¢’ 116.37+0.08
CeH 12— 3Er168 127.784+0.05
$Tm!%—CeH,, 373.3940.05
Ci1oHg—YDb170 268.75+40.07
CsH;0,—3YDb1™ 75.094-0.04
CisHypy—Lul? 207.2140.164

C4Hz0,—5YDb178 81.07+0.07
CBCypH;9— Yb'® 209.36+0.06
CBCyH,,— HfS 210.31+0.04
CsHoF s — W12 123.7540.04
CBCHyoF s — W88 125.154-0.04
Ci2Hg;N —Ret85 261.83+0.08
CBCy HgyyN — W86 263.49+0.13
C1Cy 1 Hg7N —Os!86 264.33+0.18

213.7740.10¢
216.154+0.194

Ci14Hg2—Os'®
CBC5H 5 — L1191

C;Hy4—1Pt1es 127.18-+0.06
Hgl¥— Aut®? 1000.27-+0.08
Hg!% — Au®? 2002.33+0.20

a Throughout this paper C, H, N, O, and F refer to C2, H1, N%, O, and
F19, respectively.

b Throughout this paper all masses or mass differences are calculated on
the basis O'6 =16 exactly.

© All calculations in this paper have been carried out with more significant
figures than are indicated by the magnitude of the error. Results listed in
many tables have been rounded off to conform with the size of the error.

d These doublets were not employed for the calculation of masses listed
in Table VII. The nuclear data available at present indicate that these
may be incorrect by 0.5 mmu to 1.0 mmu. See Appendix for details.
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TaBLE II. Mass differences obtained for isotopic doublets.

Results (amu)» Adopted values
Doublet Present Previousb (amu)
Krst —Krs 0.997 684 £ 45
Xeld2 —Xelsl 0.999 394 4= 50
Gdtst —Gdrs2 2.001 740+ 90 2.001 740+ 80
G186 —Gqrs4 1.002 149 = 60 1.002 099 = 40
Gd1s6 —Gd!ss 0.999 899 4+ 60 0.999 8494 40
Gd187 —Gd1sé 1.002 1554 45 1.002 196 &= 60 1.002 1554 40
Gdls8 —Gd1s? 1.000 475 &= 45 1.000 535 4= 60 1.000 475 4= 40
Gd158 —Gd1se 2.002 630+ 90¢
2.002 636+ 90 2.002 731 4-120¢°

Gd1eo —Gd1ss 2.003 6194 90 2.003 619+ 80
Dy158 —Dy!156 2.000 837 4100 2.000 837+ 80
Dy!160 —Dy158 2.001 503 4100 2.001 503 4= 80
Dy!16l —Dy160 1.002 100+ 60 1.002 050+ 40
Dy162 —Dy16L 1.000 208 = 60 1.000 158+ 40

Dy162 —Dy160
Dy163 —Dy162
Dy16t —Dy163
Dy1é —Dy162
Erltt — Eyls2
Erles —[r164
Erl67 —Erl66
Eri6s —Eri67
Erlss —FEr166
Erl70 —Eriss

2.002 201 3100 2.002 308 ==120°
1.002 264 3= 60
1.000 794 4- 60

2.003 058 4=120¢

1.002 214 4= 40
1.000 744 4= 40

2.001 145+ 80
2.001 795 4= 80
1.002 052+ 40
1.000 643 & 40

2.003 758 + 80

2.002 964 4100
2.001 1454- 94
2.001 795+ 90
1.002 062 4= 60
1.000 653 += 60
2.002 695+ 94 2.002 7151200
2.003 758+ 95

Ybl70 —Ypi6s 2.001 6174 90 2.001 627 + 80
Ybi7l —Ypi70 1.001 884 4= 60 1.001 874 4= 40
Ybi72 —Yhint 1.000 397 += 60 1.000 387 + 40
Yb172 —Ybi70 2.002 2543 93 2.002 281 =4-120¢

YbiB —Yhi72 1.002 177 &= 60 1.002 167 3= 40
Ybi7 —Ybin 1.000 976 4= 60 1.000 966 %= 40
Ybi7 —Ypin2 2.003 1174 90 2.003 153 3-120¢

Yb176 —Yp17 2.004 3324- 90 2.004 342+ 80

Lul?6 —Lyl7s
Hf176 —Hf174
Hf77 —Hf176
Hf178 —Hf177
Hf119 —Hf178
Hif180 —Hf17

1.002 256 + 56
2.002 123+ 90
1.002 158 + SO
1.000 810+ 50
1.002 427 += 50
1.001 089 + 50

1.002 256 = 60

2.002 123 4100
1.002 158+ 50
1.000 8104 50
1.002 427 4= 50
1.001 089 = 50

1.002 252 4= 60
1.000 880+ 60
1.002 358 += 60
1.001 133+ 60

Wiz —W1so 2.002 156+ 93 2.002 136+ 80
Wiss W82 1.002 298 4= 48 1.002 237 + 60 1.002 288 = 40
Wiss —Wiss 1.000 984 + 47 1.000 996 = 60 1.000 974 =+ 40
Wiss 18 2.004 003 += 90 2.003 983 + 80

Rel8? —Rel85
Os!86 —Qgld4
Osl187 —g186
Ost88 —Qg187

2.003 368 + 90
2.002 018+ 90

2.003 368+ 90
2.002 018 4- 80
1.002 136+ 40
1.000 324+ 40

1.002 126+ 60
1.000 314+ 60

Os188 —(g!86 2.002 4744100 2.002 4401200

Os189 —sl88 1.002 5354 60 1.002 545+ 40
Osl90 —Qs180 1.000 523 &= 60 1.000 533 + 40
Os190 —Qsl88 2.003 052 100 2.003 058 4-120¢

Osto2 —Qglo0 2.003 4854100 2.003 485+ 80
Ir1es —Jrtol 2.003 012+ 94 2.003 000 +-100
Pt1ot —Pptlez 2.002 178 +=120 2.002 178 100

Pt195 —Pt1ot

Pt196 —Ptlos

Hgloo —Hg1o8
Hg200 —Hgloo
Hg20 —Hg18
Hg2ot —Hg200
Hg2? —Hg!
Hg2? —Hg200
Ph207 —Ph20s
Ph208 — Ph2o7

1.002 446 + 60
1.000 480 4= 60
1.001 8144 60
1.000 3154 60
2.002 129 4-120¢
1.002 259 4= 60
1.000 642 + 60
2.002 901 £=120¢
1.001 742 3= 60
1.001 070+ 60

1.002 446 + 40
1.000 480 - 40
1.001 824 4 40
1.000 325+ 40

1.002 269 + 40
1.000 652 4= 40

1.001 742 + 40
1.001 070+ 40

2.002 156+ 90

2.002 944+ 90

a Throughout this paper, whenever masses are given in amu, the errors
refer to the last significant figure of the particular result.

b See reference 2.

¢ These double mass units are calculated values obtained by adding the
two single mass units given immediately above in the respective columns.

earlier, the comparison ions employed in the present
work were selected to have small C® satellites.

Table IT lists the isotopic doublets measured and the
mass differences obtained. Also listed are the values
reported earlier by Johnson and Bhanot.? The pro-
cedure for the calculation of the listed errors is the
same as the one employed for the doublets of Table I.
However, as pointed out before? the predominant
errors in the case of isotopic doublets arise from re-
sistance calibration uncertainties.

In all precision mass determination work at Min-
nesota, one of the methods employed to test the
accuracy of the dispersion relation for the mass spec-
trometer has consisted in the determination of what is
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known as a hydrogen mass unit. These mass units are
wide doublets of the type C,H,—CnH,_1, the mass
difference being that of the hydrogen atom. The
average value of the hydrogen mass units determined
during the present investigation is 1.008 1745 amu,
which is in good agreement with the carefully deter-
mined value of 1.008 14512 amu.® For a similar
purpose, isotopic doublets of krypton and xenon were
also determined several times during the course of the
present work. The results are included in Table IT and
compared with other Minnesota values in Table III.
The present value for the krypton mass unit is in ex-
cellent agreement with the very precise values of Ries.”
The present value for the xenon mass unit is in excellent
agreement with the value of Johnson and Nier' as well
as with the very precise value of Damerow.® These
comparisons indicate that the error, if any, in the
dispersion relation employed in the present work is
well within the limits set by other experimental errors.

The good agreement, in general, between the newer
and older values for the isotopic doublets, listed in
Table II, gives further confidence in the extensive use
of isotopic doublets. There is some disagreement
between the two sets in the case of gadolinium and
dysprosium, but the disagreement is not bad. The
newer values are considered more reliable and more
accurate.

For the older data, hafnium oxide was employed as
the source of hafnium ions, whereas metallic hafnium
was used in the case of the newer data. Ion intensities
were quite poor in the former case. For this reason,
all single mass units were redetermined as a part of

TaBLE III. Comparison of some of the present isotopic mass
differences with other available mass spectroscopic results.

Present results  Other Minnesota Other results

Mass difference mmu values (mmu) (mmu,
Kr#t —Kr# —1 —2.316+0.045 —2.317 +£0.0102
—2.23 £0.07>
Xenz —Xelst —1 —0.606 +0.048 —0.61 +0.01¢
—0.59 =+£0.07d
—0.7 +0.4¢
Hg199 —Hgl9® —1 1.834+0.040 1.795 +£0.013¢ 1.86 £0.09h
1.816+0.0112
Hg200 —Hgle9 —1 0.325 +0.040 0.42540.009f  0.3340.07b
Hg2t —Hg20 —1 2.269 +0.040 2.2810.012f 2.66 =-0.08h
2.29740.0118 2.24+0.141
Hg?202 —Hg?20l —1 0.662 4-0.040 0.652 0.011¢ 0.39 :0.08h
Hg2e4 —Hg22 —2 3.483+0.012f 4,09 +0.07b
3.487 +-0.022¢
Pb206 —Ph20t —2 1.993£0.015f  1.88:£0.08%
Pb207 —Ph206 —1 1.742 4-0.040 1.766 +0.013¢ 1.34 0.09t
Pb208 —Pb207 —1 1.070 £0.040 1.084+£0.013f  1.09+£0.08%2

a See reference 7.
(19‘75’1;.) L. Collins, W. H. Johnson, Jr., and A. O. Nier, Phys. Rev. 94, 398
¢ See reference 8.
d See reference 1.
e R. E. Halsted, Phys. Rev. 88, 666 (1952).
f Derived from the hydrocarbon mass doublets of reference 9.
¢ Isotopic doublet of reference 9.
b See reference 10. The values for C'2and H! were taken from reference 12.
i See reference 11. The values for the mass of the lighter component of
the mass doublet were taken from reference 12.

8 K. S. Quisenberry, C. F. Giese, and J. L. Benson, Phys. Rev.
107, 1664 (1957).

7R. R. Ries (private communication, 1959).

#R. A. Damerow (private communication, 1959).
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TaBLE IV. Mass differences derived from isotopic doublets of
Table II compared with similar mass differences derived from
doublets of Table I.

Value derived from Value derived from

isotopic doublets doublets
of Table I1= of Table I#
Mass difference (amu) (amu)

G0 — G(1ss 4.006 25+ 8 4.006 19415
Dyt — Dyl 2.002 214 6 2.002 25414
Erl68— Er167 1.000 64+ 6 1.000 5712
Ybi"—Ybi® 4,005 39+ 8 4.005 57411
Ybl76—Yh7 2.004 344 6 2.004 3010
Wiss_ yyiee 1.002 29+ 4 100227+ 5
W186 V182 4.007 24410 4.007 41414
Hg!9—Hgs 1.001 83+ 4 1.002 06422

a The errors refer to the last significant figure of the particular result.

the present work. The newer values disagree with the
older values but in no case by more than the combined
error for the two sets. The newer values are considered
more reliable.

On the basis of the two sets of data and the con-
siderations given above, a ‘“best” value was adopted
for the mass differences between neighboring stable
isotopes, wherever possible. Some of these adopted
mass differences are compared in Table IIT with the
other mass spectroscopic results. The agreement with
the very precise values of Benson et al.® is excellent,
except for the case of Hg*—Hg¥. Even here, the
discrepancy is not very large. The agreement with the
values reported by Demirkhanov et al.'® and by Kerr
and Duckworth! is not as good.

In Table IV, a comparison is made, wherever possible,
between some mass differences derived from the adopted
values of isotopic doublets with similar mass differences
derived from the hydrocarbon types of doublets of
Table L. It is seen that the two sets agree in all cases to
within the “sum” of the corresponding errors. Not all
the doublets of Table I could be compared in this
manner. This comparison indicates, however, that the
systematic errors in the data reported in Table I are
not large.

MASS TABLE

A table of atomic masses is a very valuable tool in
the field of nuclear physics. Many such tables>~'% have
been prepared in the past. The region from gadolinium

9 J. L. Benson, R. A. Damerow, and R. R. Ries, Phys. Rev.
113, 1105 (1959).

1 R. A. Demirkhanov, T. I. Gutkin, and V. V. Dorokhov, J.
Exptl. Theoret. Phys. (U.S.S.R.) 35, 917 (1958) [translation:
Soviet Phys.—JETP 35, 639 (1959)].

1 7. T. Kerr and H. E. Duckworth, Can. J. Phys. 36, 986 (1958).

12W. H. Johnson, Jr., K. S. Quisenberry, and A. O. Nier,
Handbook of Physics (McGraw-Hill Book Company, Inc., New
York, 1958), Part 9, p. 55.

13 H. E. Duckworth, in Progress in Nuclear Physics (Pergamon
Press, New York, 1957), Vol. 6, p. 138.

UV, A. Kravtsov, Uspekhi Fiz. Nauk 65, 451 (1958).

18 A. H. Wapstra, Encyclopedia of Physics, edited by S. Fliigge
(Springer-Verlag, Berlin, 1958), Vol. 38, Part 1, p. 1; see this
reference for a list of previously published mass tables.



238

TABLE V. Some new and corrected mass differences derived
from reaction, beta-decay and alpha-decay data.

Adopted value

Mass difference mmu) Reference
Pms—Ndue 0.150+11 a
Sm!45— Pm4 0.693+15 a
Eu!%?—Sm!5? 200 + 2 b
Eu'®—Gd!%? 194 + 2 b
Gd!®2—Sm8—4 1.88 +10 c,d
Gd!%—Sm!% 0.060+15 b,e
Sm!%—Eul# 0.873420 f
Eut®t— Gd!» 2.1164-10 g
Gd15—This 1.015+10 h
Th1®—This8—1 0.225+450 i,j
Th180—Thts®—1 20 + 4 k
Thiet—Dylel 0.6234-20 1
Dy?'65—Ho165 137 £ 1 m
Hol%—Ho—2 09 x5 jn
Ho'%5—Ho%—1 029 = 5 i,j
Dy186—Hot¢6 0.26 & 3 1
Ho66—Ho'5—1 2.33 +43 k
Ho!'%—Er6¢ 19754 5 f
Tm!®—Tm18—1{ 039 + 5 i
Lu'"—Lu'™—1 064 & 5 o
Rel80— Wiso 3.14 +10 P
Talsl—Tal%—1 074 &= 5 1
Wisl_Ta18 020 + 3 1
Ost! —Jr1ot 0.336+ 2 q
Os198— 198 1.1924-10 r
P1—Ir1 005 &+ 5 1
Au¥7—Aubt—1 0.3974-56 s
Au* —Hg®0 242 310 t
P2t —Hg20—4 6.72 £10 u,d
Hg5—T}]205 1.72 £15 v
Pp%7—Pp¥s—1 1.7544-21 w
1.7484-32 X
Po7—Bj207? 3120+ 9 y
Pp%8—PpA7—1 1.0394-32 X
Pb#9 —Pps—1 4.761+21 w
Bi210 - Tj28_4 9.233+60 z
At20—Po0 440 +10 aa

2 A. R. Brosi, B. H. Ketelle, H. C. Thomas, and R. J. Kerr, Phys. Rev.
113, 239 (1959).

(1;525 E. Alburger, S. Ofer, and M. Goldhaber, Phys. Rev. 112, 1998

° W.‘Riezler and G. Kauw, Z. Naturforsch. 14a, 196 (1959).

d This alpha-decay energy appears to be incorrect.

e L. Grodzins, Phys. Rev. 109, 1014 (1958).

fJ. M. Cork, M. K. Brice, R. G. Helmer, and R. M. Woods, Jr., Phys.
Rev. 110, 526 (1958).

& J. M. Cork, M. K. Brice, R. G. Helmer, and D. E. Sarason, Phys. Rev.
107, 1621 (1957).

BS. S. Malik, N. Nath, and C. E. Mandeville, Phys. Rev. 112, 262 (1958).

i B. G. Chidley, L. Katz, and S. Kowalski, Can. J. Phys. 36, 407 (1958).

i N. B. Gove, R. W. Henry, L. T. Dillman, and R. A, Becker, Phys. Rev.
112, 489 (1958).

k J. H. Neiler, R. L. Macklin, J. H. Gibbons, and P. D. Miller, Bull. Am.
Phys. Soc. 4, 43 (1959).

U'This value is unweighted average of the two limits given by King!8 or
Lidofsky.1®

= F. P. Cranston, Jr., J. W. Starner, and M. E. Bunker, Bull. Am. Phys.
Soc. 4, 292 (1959).

» This Q value appears to be incorrect, and so has not been employed.

o H. J. King and L. Katz, Can. J. Phys. 36, 415 (1958).

» B. C. Haldar and E. O. Wiig, Phys. Rev. 105, 1285 (1957).

a8S. V. Nablo, M. W. Johns, A. Artna, and R. H. Goodman, Can. J.
Phys. 36, 1409 (1958).

rV. S. Dubey, S. S. Malik, C. E. Mandeville, and A. Mukerji, Phys.
Rev. 111, 920 (1958).

; This is weighted average of the value given in reference i and previous
values.

t]J. C. Roy and L. P. Roy, Can. J. Phys. 37, 385 (1959).

uW. Riezler and G. Kauw, Z. Naturforsch. 13a, 904 (1958).

v B. Burson, J. M. Cork, and W. Jordon; Argonne National Laboratory
Report ANL-5140, 1953 (unpublished), p. 36.

¥ M. T. McEllistrem, H. J. Martin, D. W. Miller, and M. B. Sampson,
Phys. Rev. 111, 1636 (1958).

x B. P. Ad'yasevich, L. V. Groshev, and A. M. Demidov, Proceedings of
the Conference' of the Academy of Sciences of the U.S.S.R. on the Peaceful
Uses of Atomic Energy, Moscow, July, 1955 (Akademiia Nauk, S.S.S.R.,
Moscow, 1955), [Translation by Consultants Bureau, New York: Atomic
Energy Commission Report TR-2435, 1956, p. 270].

v E. Arbman, J. Burde, and T. R. Gerholm, Arkiv Fysik 13,7501 (1958).

® Bi210(2.6 X 10%yr) has been arbitrarily considered to be 40 kev higher
than the 5.0-day level of Bi20,

a2 Lower limit given by Lidofsky has been adopted here,
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to lead, however, has been represented rather poorly
in all previous mass tables. Mass spectroscopic as well
as nuclear data were sparse in the case of these elements
and wherever available were, relatively speaking, less
reliable and less accurate. By combining the doublets
reported in this study with the isotopic mass units of
Johnson and Bhanot,? it is now possible to determine
almost all stable atomic masses for the elements
gadolinium to gold. Many new alpha-decay, beta-
decay, and nuclear reaction Q values in this region
have also recently become available. It was, therefore,
considered worthwhile to prepare a new atomic mass
table for both stable and radioactive nuclei in this
region. In order to provide continuity with the trans-
lead region and for the purpose of providing some
masses beyond the doubly magic isotope of Pb¥%
isotopic masses for the elements bismuth, polonium,
“astatine, and radon have also been computed. For
similar reasons the isotopic masses of the elements
samarium and europium are also included.

In a project of this nature, it is not unusual to run
into difficulties because of incompatibility of input
data, since values from several different sources have
to be employed. Several inconsistencies were discovered
when comparisons were made between different values
for the same mass or mass difference. An attempt was
made to examine each case in some detail in order to
locate the more likely source of discrepancy. In most
of the cases, more than one experimental value seemed
likely to be in error. To resolve these discrepancies,
somewhat arbitrary selection of data has been made and
not too large but arbitrary adjustments have been
employed. General considerations utilized for this
purpose are listed below.

Except for the new values listed in Table V, the
nuclear data are taken from the excellent compila-
tions'®2 that have recently become available. Q values
marked as doubtful in these compilations were not
employed. In the case of beta-decay energies, King!®
as well as Lidofsky'® have listed for many cases a lower
limit as well as an upper limit. Whenever the difference
between these limits was less than 100 kev an average
was arbitrarily taken as the beta-decay energy. There
were only a few such cases. These are listed in Table V.

In general, beta-decay energies were considered as
more reliable except in the trans-thallium region where
.alpha-decay Q values with well-established isotopic
assignments were considered equally reliable. Con-
sideration was given to the fact that for several nuclear
reaction Q values the isotopic assignments are somewhat
doubtful and that in certain cases the reported Q values

16 D. M. VanPatter and W. Whaling, Revs. Modern Phys. 26,
402 (1954).

17D. M. VanPatter and W. Whaling, Revs. Modern Phys. 29,
757 (1957).

18 R. W. King, Revs. Modern Phys. 26, 327 (1954).

11, J. Lidofsky, Revs. Modern Phys. 29, 773 (1957).

2 D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs.
Modern Phys. 30, 585 (1958).
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may not represent ground-state transitions. It should
be pointed out that the procedure followed here is
somewhat similar to the procedure followed by
Wapstral® in the intermediate and heavy mass regions.

Steps for Calculations of the Mass Table

A. As a first step, a table of unadjusted mass spec-
troscopic masses for stable isotopes was prepared. This
was done in the region from gadolinium to gold by
adopting for each element, except tantalum, one of
the isotopes of that element as a reference. The masses
of these selected isotopes were computed by combining
adopted isotopic mass differences of Table II with
each doublet listed for that particular element in Table
I. These calculated masses are given in the second
column of Table VI and will be referred to as Minnesota
values. For these calculations, the following secondary
standard masses, listed in amu, were employed:2 H!,
1.008 1451£2; C*2,12.003 815644 ; C®, 13.007 4900+-9;
N 14.007 525743; and F*, 19.004 44314-24.

A similar procedure was adopted wherever possible
for previous mass spectroscopic doublets listed by
Duckworth et al.? These values are given in the
fourth column of Table VI. Doublets determined before
1950, except those for the ytterbium isotopes, have not
been included because the associated errors are rather
large. Wherever necessary, the masses of the lighter
isotopes in these previous mass doublets were taken
from the mass table of Johnson et al.? The values in
the fourth column for a particular isotopic mass are
seen to have, in general, a spread of more than one
milli-mass-unit and are on the average lower than the
corresponding Minnesota values listed in the second
column. These latter values are considered more
reliable. Accordingly, the preliminary table of stable
atomic masses was based only on the unweighted
averages of the Minnesota values listed in the second
column. These averages were combined with the
adopted values given in Table II in order to prepare
the aforesaid mass table.

B. As a second step, adjustments were made in this
preliminary mass table on the basis of a comparison
with the nuclear data. This was done by adjusting the
reference masses that were employed in step A. The
details of the adjustment are given in the Appendix.
The adjusted values are given in the third column of
Table VI. This procedure ensured that the adopted
mass differences of Table IT were not changed. Only
the data of Table I are adjusted. This procedure was
employed for several reasons. First, doublet values of
Table I have errors that are much larger than the
errors associated with the isotopic mass differences of
Table II. Second, the doublet values of Table I are
more subject to systematic errors then the isotopic
doublet values of Table II. Third, as new, more re-

2 H. E. Duckworth, B. G. Hogg, and E. M. Pennington, Revs.
Modern Phys. 26, 463 (1954).

239

TasLE VI. The present experimental values, the adopted values
and the previous mass spectroscopic values for the mass of the
“reference” isotopes.

Present Adopted Previous mass
values# valuesb spectroscopic resultse
Isotope (amu) (amu) Mass (amu) A4 mmu
Gd1sé 155.971 81+12 155.971 42420 155.971 87 +22 +0.45
155.971 7513 155.971 5040 +0.08
155.971 8422 -+0.42
155.970 90 22 —0.52
155.971 72 424 +40.30
This9 158.975 41 +10 158.975 41 415
Dy162 161.977 91 +12 161.977 9318 161.977 14 8 —-0.8
16197795+ 9 161.977 14 6 —0.8
161.976 4+ 8 —-1.5
Ho1ss 164.982 89421 164.982 70415 164.981 54+ 9 —-1.2
Er168 167.985 774 8 167.985 85415 167.986 4 4 +0.55
167.985 70 10 167.984 2+ 3 —1.65
167.985 8+ 8 —0.05
Tm169 168.988 06-+-10 168.988 0615
Ybin 173.994 2011 173.994 32410 173.983 0+26 —11.3
173.994 38+ 8 173.980 9424 —13.4
173.994 36 416
173.994 34410
Lu!7¢ 175.999 41417 175.998 79 15
Hi17e 175997 72+ 4 175.997 72410 175993 14 8 —4.6
175.996 7+ 6 —-1.0
175990 6+ 8 -7.0
175.996 4+ 6 —-1.3
175997 1+ 6 —0.6
175997 8+ 6 +0.1
175.996 3+ 6 —1.4
Wiss 183.008 29+ 6 183.008 29410 183.006 3+ 8 -2.0
183.008 27 + 4 183.006 24 6 -2.1
183.008 46 16 183.006 84 4 —1.5
183.007 4+ 8 -0.9
183.006 44 6 -1.9
183.007 1+ 4 -1.2
183.004 8+ 9 -3.5
Relss 185.011 404 8 185.011 4015
Ost8s 186.012 58 18 186.012 58420 186.014 3+ 9 +1.7
186.013 3010 186.013 64 9 +1.0
186.013 1+ 6 +0.5
186.015 64 7 +3.0
186.012 9+ 5 +0.3
Iret 191.020 14+19 191.021 19430
Pt1os 196.027 12412 196.027 12415 196.030 9+ 6 +3.8
196.027 9+ 4 -+0.8
196.026 7+ 6 —0.4
196.025 8+ 3 —1.3
196.029 1421 +2.0
196.029 4+ 6 +2.3
Au? 197.029 42+ 8 197.029 29 410

197.029 16 4-20

s Every doublet of Table I was employed in combination with the
relevant isotopic mass differences of Table 1I for obtaining a mass for the
reference isotope of the particular element. The masses have been listed in
the same order as that used in Table I for listing the corresponding doublets.

b The values in this column have been adopted on the basis of a com-
parison between the present mass spectroscopic values and the nuclear
reaction and decay energies available in this region. Several somewhat
arbitrary adjustments had to be employed in order to minimize or eliminate
the inconsistencies between the two sets. Details are given in the Appendix.
The quoted errors may be considered as standard errors. The limit of error
is estimated to be three times the quoted error.

¢ Masses listed in this column have been calculated by employing the
data of Table II and the previously known mass doublets compiled in the
review article of Duckworth et al. (reference 21). Doublets published before
1950 were not employed, except those for the ytterbium isotopes. The
masses for Zr%, Zr%, Ru%, Ru®, and Ru?® are not known and the mass
difference Pt198 —Pt19 was not determined in the present study. For these
two reasons, three doublets for osmium isotopes and three doublets for
platinum isotopes could not be employed. Except for these omissions, all
relevant doublets listed in reference 21 were employed. The masses are
listed in the same order as that of the corresponding doublets in reference 21.

af A stands for the previous mass spectroscopic mass minus the adopted
value.

liable, and more precise atomic masses become available
for some stable isotopes in this region, a simple revision
of the mass table, in the form of suitable additive
factors at the appropriate places, may become possible.

C. As a third step, these Minnesota values of the
stable atomic masses for the elements from samarium
to lead, adjusted in a manner explained in the Appendix,
were combined with nuclear Q values for the purpose
of computing masses for a large number of radioactive
nuclides as well as for a few stable nuclides. The “paths”
employed are shown in Fig. 1(a) and 1(b), except for
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some omissions in the region above bismuth. These
omissions are for the isotopes of polonium, astatine,
and radon whose masses could be computed directly
by combining alpha-decay energies with the masses of
the nuclides included in Fig. 1.

The Sm™(y,n) threshold of Silva and Goldemberg??
and the Ho'%5(y,2%) threshold of Gove et al. appear to
be incorrect. The masses of Ho'®, Tb'!, Eu’ and
Sm', calculated by employing these two Q values,
have been rejected.

The mass of Pt'*8, the only remaining stable nuclide
in this region, could not be computed in the manner
described above. The mass spectroscopic value for
Pt derived from the doublet 21Pt%8—Zn%¢ of
Duckworth et al.?* appears to be too low by more than
3 mmu and was therefore rejected. For the sakeof
completeness, an estimated mass of Pt'% has been
included. This was calculated from that of Pt®? by
using an estimated value for S,(Pt").

In the region beyond lead, several “cycles,” each
comprised of two alpha decays and two beta decays,
do not “close” as they should. It became necessary to
resort to somewhat arbitrary selection of data in these
cases.

2 E. Silva and J. Goldemberg, Nuovo cimento 3, 12 (1956).

2 N. B. Gove, R. W. Henry, L. T. Dillman, and R. A. Becker,
Phys. Rev. 112, 489 (1958).

2 H. E. Duckworth, H. A. Johnson, R. S. Preston, and R. F.
Woodcock, Phys. Rev. 78, 386 (1950).
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The masses of the five heavier “stable” nuclides,
viz., Ra?6 Th?? U» U¥® and U3 have been com-
puted by combining experimental alpha-decay and
beta-decay energies with the masses of Pb*4 Pb%2
Ra?® Pb?! and U?* respectively.

The final adopted values for the atomic mass of 208
nuclides are given in Table VII. The quoted errors
may be considered as standard errors. The limit of
error is estimated to be three times the quoted error.
Errors larger than 1 mmu are considered very unlikely.

BINDING ENERGIES

The systematic study of trends in the binding energies
of nuclei is one of the important applications of mass
data. Quantities often studied are the average binding
energy per nucleon of a given nucleus, the separation
energy of the last proton or neutron, the pairing energies
for the last pair of protons or neutrons, and the sepa-
ration energy of the last pair of protons or neutrons
added to form a nucleus. It is convenient for the calcu-
lation of these quantities to employ the total atomic
binding energy. This term includes not only the total
nuclear binding energy but also the binding energy of
the orbital electrons of the atom. The total atomic
binding energy, TBE(Z,N), may be calculated with

TBE(Z,N)=Z(mp+me)+N(m.)—M(Z,N). (1)

In this equation the mass of the atom with Z protons
and N neutrons is M (Z,N). The masses of the proton,
electron, and neutron are indicated by m,, m., and
Ma, respectively. The sum of m, and m. can be replaced
by the mass of the hydrogen atom. The resulting error
is insignificant in the present work.

The total binding energies for atoms are given in
Table VII. A negligible error is made by using these
quantities for the calculation of the various binding
energy terms because the orbital electron binding energy
is very small compared with the total nuclear binding
energy and also is slowly varying.

One obtains the average binding energy per nucleon
by dividing the total binding energy by the mass
number A. The values of the average binding energy per
nucleon for all stable isotopes of this investigation are
listed in Table VII and are plotted against the mass
number 4 in Fig. 2. The even-4 points for a particular
even-Z element have been joined by a solid curve which
is approximately a parabola for most of the cases. The
odd-A4 points for all elements have been joined by a
dashed curve.

The most prominent feature of this plot is a sharp
break in the region of the doubly magic nuclide Pb*®s.
The points for thorium and uranium are approximately
on a straight line extrapolation of the part of the curve
below about 4 = 180. With respect to such an imaginary
line, the average binding energy per nucleon curve rises
slowly to a maximum around the region of Pb*® and
falls gradually thereafter. This behavior is in contrast
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TABLE VII. Atomic mass; total atomic binding energy, TBE; the average binding energy per nucleon, TBE/4 ; the separation energy of
the last neutron, S,; the separation energy of the last two neutrons, Sz.; and the neutron pairing energy, P,, of the heavy nuclei.

Atomic mass® TBEP TBE/A* Sn . Som »

TIsotope (amu) (mmu) (mmu) (mmu) (mmu) (mmu)
s25mge44 143.957 410+ 90 1284.438 8.920

Smg;!s 144.958 9834190 1291.851 741421

Smgy4® 145.959 288-4-100 1300.532 8.684-22 16.09+14 1.27430

Smg;147 146.961 200+ 80 1307.606 8.895 7.07+13

Smgg!48 147.961 4504100 1316.342 8.894 8.74+ 6 15.814+14 1.664+14

Smg 148.964 1504100 1322.628 8.877 6.294+ 6

Smgg!® 149.964 570+ 80 1331.194 8.875 8.57+ 6 14.85412 228+ 8

Smgy!5t 150.967 633130 1337.117 5.92415

Smy,!62 151.967 6704150 1346.066 8.856 8.95+20 1487417 3.03425

Smg,15 152.970 4734-250 1352.249 6.184-29

Stge!® 153.970 8704150 1360.838 8.837 8.594-29 14.77421 2.414-40

Smy;158 154.974 1994-220 1366.495 5.664-27
63 Eugst® 149.967 2974140 1327.626

Eug!®! 150.967 530130 1336.379 8.850 8.75419

Eugy!® 151.969 6714-150 1343.224 6.85420

Eug,!5 152.969 6004250 1352.281 8.8384 9.06+29 15.90428 2.21+£35

Eug, !5 153.971 588200 1359.279 7.00+32

Eug,!% 154.971 8364200 1368.017 8.74+ 4 15.744-28 1.74432

Eug;!%® 155.974 1484210 1374.691 6.67 6

Eugq!® 156.975 4014220 1382.424 7.134+11 1441412 1.06£13
64Gdse!® 147.964 8174130 1311.293

Gdgs'® 148.966 1714220 1318.925 7.63426

Gdgg!® 149.966 1484140 1327.934 9.01426 16.64419 1.384-37

Gdgs'® 151.967 7324-170 1344.322 8.844 16.394-22

Gdse'® 152.969 8264250 1351.214 6.89+30

Gdgo'* 153.969 4724200 1360.554 8.835 9.344-32 16.23+ 8 24544

Gdg1% 154.971 5714200 1367.441 8.822 0.89+ 4

Gdyp!%6 155.971 4204200 1376.578 8.824 9.14+ 4 16.024+ 8 2254+ 5

Gdos!® 156.973 5754200 1383.409 8.812 6.83+ 4

Gdo4'® 157.974 0504210 1391.920 8.810 8.51+ 4 15.34+ 8 1.68+ 5

Gdgs!® 158.976 429+150 1398.527 6.61+26

Gdge!® 159.977 6694220 1406.273 8.789 7.75£27 1435+ 8 1.144+37

Gdo% 160.980 4394-180 1412.489 6.22+23
65 L bos!5® 157.975 1894160 1389.941

Thos!5? 158.975 4144-150 1398.702 8.797 8.76+ 5

Thgs'® 159.977 6814150 1405.421 6.72421

Thbog!6! 160.978 399150 1413.689 827+ 5 14.994-21 1.554-22
66Dyse! 151.972 7294170 1337.644

Dys'% 152.973 8904240 1345.469 7.824-29

Dyss'® 153.973 7382170 1354.607 9.144-29 16.964-24 1.31+40

Dygo!%6 155.973 3864-200 1372.931 8.801 18.32+ 4

Dyg,!68 157.974 2234180 1390.066 8.798 17.14+ 8

Dyqql® 159.975 7264160 1406.535 8.791 1647+ 8

Dygst® 160.977 776160 1413.471 8.779 6.944 4

Dy 6! 161.977 9344150 1422.299 8.780 8.83+ 4 15.76+ 8 1.89+ 5

Dy ;1% 162.980 1484160 1429.071 8.767 6.77+ 4

Dygst® 163.980 8924160 1437.313 8.764 8.244 4 1501+ 8 1474+ 5

Dy g% 164.984 0704150 1443.121 5.81422

Dy100'%® 165.985 388-4-160 1450.789 7.67+£22 13.484+23 1.86430
s7H0g71% 163.982 4114160 1434.953

Hogs!6® 164.982 700150 1443.650 8.749 8.70+ 5

Hoy,!% 165.985 1304160 1450.206 6.5622

Ho100'¥ 166.986 2814190 1458.041 7.84411 14.39+£24 1.28-425
esEorgql® 161.980 215180 1418.336 8.755

Erge'® 163.981 3604160 1435.163 8.751 16.834+ 8

Ergs!%6 165.983 1554160 1451.340 8.743 16.18+ 8

Erg'®” 166.985 2074160 1458.274 8.732 6.93+ 4

Ery00'%8 167.985 8504150 1466.617 8.730 8.34+ 4 15.284 8 141+ 5

Er;o'% 168.988 4234150 1473.030 : 6.414+21

Er;2'" 169.989 6084180 1480.831 8.711 7.80424 14214+ 8 1.39432

Erjost™ 170.992 4794-120 1486.946 6.124:22
69 L mgg1%8 167.987 6694160 1463.957

Tmyo0!® 168.988 0594150 1472.553 8.713 8.60+ 5

Tmy!™ 169.989 9634130 1479.635 7.08+20

Tmjee'™ 170.990 910120 1487.674 8.04+ 4 15.124-19 0.964-20
70 Y bgg!®8 167.987 2994150 1463.486 8.711 :

Ybi0e!™ 169.988 9264130 1479.831 8.705 16.34+ 8

Ybio™ 170.990 8004120 1486.943 8.700 711+ 4

Ybio2!™ 171.991 1874-120 1495.542 8.695 8.60+ 4 15.71+ 8 1494+ 5

Ybyos'™ 172,993 3544110 1502.361 8.684 6.824 4

Ybioa™ 173.994 320-100 1510.381 8.680 8.024+ 4 14.84+ 8 1.204 5
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TABLE VIL.—Continued.

Atomic mass®

TBEP

TBE/A¢

S

n 2n n
Isotope (amu) (mmu) (mmu) (mmu) (mmu) (mmu)
Ybio5'78 174.997 0364160 1516.651 6.274+19
Ybioe'™ 175.998 6624130 1524.011 8.659 7.364-21 13.63+ 8 1.09428
Ybyot"? 177.001 895+120 1529.764 5.754+18
71Lllu):<;”4 173995 894ﬂ:170 1507966
Luyd? 174.996 5344-160 1516.312 8.665 835+ 5
L5 175.998 790150 1523.042 8.654 6.734= 6
Luyoet™ 177.000 4134110 1530.405 7.36= 5 14.09+ 8 0.63+ 8
7o 109t™ 173.995 6024140 1507.417 8.663
Hif 04! 175.997 7254100 1523.266 8.655 15.85+10
Hif05!" 176.999 883110 1530.094 8.645 6.834+ 5
Hi 0678 178.000 6934120 1538.270 8.642 8.18+ 5 15.00410 135+ 7
Hifyo7'7 179.003 1204130 1544.829 8.630 6.56+ 5
Hif 05180 180.004 2094140 1552.726 8.626 790+ 5 14.46410 134+ 7
Hif100'% 181.006 487110 1559.434 6.7118
Hif 1,18 183.011 8004220 1572.093
73T 2104177 177.001 1184120 1528.018
2107 180.004 6524120 1551.442 8.619
Tayos'® 181.005 3924110 1559.688 8.617 8.25+ 5
Tayoe%2 182.007 8624110 1566.204 6.52+ 3
Tayo'® 183.009 4374100 1573.615 741+ 4 13.93+15 090+ 5
Tayq!%t 185.013 686180 1587.338 13.72+21
7aW106!® 180.003 8664130 1551.387 8.619
Wior® 181.005 5924120 1558.647 7.264+18
Wigs!® 182.006 0024110 1567.223 8.611 8.58+16 15.844 8 1.32424
Wige!® 183.008 290-+100 1573.921 8.601 6.70+ 4
Wigt¥ 184.009 264+110 1581.933 8.597 8.01+ 4 14714+ 8 131+ 5
W18 185.011 863150 1588.320 6.394-19
Wip!88 186.013 2474130 1595.922 8.580 7.604-20 13.994- 8 1.22428
Wi5t87 187.016 1804180 1601.975 6.05+22
75R 105180 180.007 0064170 1547.406
Re0'% 185.011 4034150 1587.939 8.583
Reqpy 8¢ 186.013 7254-200 1594.603 6.66+10
Reqso!t¥ 187.014 7714180 1602.543 8.570 794+ 5 14,604+ 9 1.28+11
Reyp4!88 188.017 3094210 1608.991 6.45+ 5
7608108'% 184.010 5614220 1578.955 8.581
Os110188 186.012 5794200 1594.909 8.575 1595+ 8
Osy11'¥ 187.014 7154200 1601.759 8.566 6.85+ 4
Osy12!%8 188.015 0394210 1610.421 8.566 8.66+ 4 15.51+ 8 1.81% 5
Osy13'® 189.017 5844210 1616.862 8.555 644+ 4
Os114% 190.018 1174220 1625.315 8.554 845+ 4 14.89+ 8 2014 5
8511512 }g;g%i 286:i:§08 1630.892 5.58+37
S116 . 2423 1639.802 8.541 8.914+37 1449+ 8 3.334+50
Os117'% 193.025 3824250 1645.008 5.214+34 *
77Iry14% 191.021 1904-300 1630.387 8.5414
}“‘“ﬁz }ggg%i ?ggi%g %636.983 6.60-+22
T116 R =+ 645.359 8.525 8.384-20 14.974+10 1.58-+:42
Iry 194.026 5974160 1651.938 6.58+22 8
18Pt112!% 190.020 0724220 1621.678 8.535
Pt141% 192.022 0214190 1637.701 8.530 16.02+29
Pty35!% 193.024 2404-250 1644.468 6.77420
Pty 194.024 1994160 1653.495 8.523 9.034-22 15.79+10 2.26430
Pt117'%® 195.026 6454160 1660.035 8.513 6.54+ 4
Pty 196.027 125150 1668.541 8.513 8.51+ 4 15.05+ 8 197+ 5
Pt 197.029 8444-100 1674.808 6.274-18
Ptyg0'8 (198.031 000+300)° (1682.638)° (8.498)d.e (7.83+£30)
Ptya'® 199.033 918+ 80 1688.706
79Auy 5% 194.026 9554160 1649.898
Auy% 195.026 9354160 1658.904 9.01+ 5
Auyy 8 196.028 888+ 40 1665.937 7.034+16
Aupg® 197.029 290100 1674.521 8.500 8.58+ 8 15.62+18 1.55+18
Auyyg® 198.031 187+ 20 1681.610 7.09+ 6
Auyg0'® 199.032 006+ 30 1689.777 817+ 4 15.26 7 1.08+ 7
B2 B me
Uj29 K =+ 9. 7.49+14 14.184+10 0.80+20
g0 g116% 196.028 136+ 20 1665.848 8.499 * 80
Hg1s"® 198.029 7124+ 25 1682.244 8.496
ggus;zz ;(9)382% g;'{:i: g(s) 1689.42; 8.490 7.184+ 4
g120 X + 1698.03 8.490 8.61+ 4 15.79+ 4 1. 6
Hgyo:™* 201.034 192+ 20 1704.722 8.481 6.68+ 3 . A
Hg95%2 202.034 845+ 20 1713.055 8.480 833+ 3 1502+ 3 1.65+ 4
Hg95%3 203.037 314+ 40 1719.572 6.52+ 5
Hg28 204.038 328+ 20 1727.544 8.468 7974 5 14.494 3 1.464 6
Hg25%8 205.041 4034-190 1733.455 5.91420
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TABLE VIL.—Continued.

Atomic mass® TBEP TBE/A¢ Sa San n
Isotope (amu) (mmu) (mmu) (mmu) (mmu) (mmu)
811112223 : 203.036 792+ 40 1719.253 8.469
Tl125% 204.038 757+ 25 1726.274 7.02+ 3
Tlyp2° 205.039 683120 1734.334 8.460 8.06£12 15.08+13 1.04412
T1y95%8 206.041 644+ 70 1741.359 7.02414
Tl12627 207.043 260 45 1748.729 7.37£ 9 14.40413 0.34416
Tlyg7™8 208.048 102+ 30 1752.873 414+ 5
T1y952° 209.051 757+ 45 1758.204 533+ 6 9.48+ 6 1.194 8
Tlype%0 210.056 744110 1762.203 400412
32Pb19:%0 203.037 939+ 50 1717.265
Pbyge® 204.037 935+ 25 1726.255 8.462 8.99+ 6
Pbygs?s 205.039 7344 80 1733.442 7.19+ 8
Pbygs8 206.039 947+ 20 1742.215 8.457 877+ 8 15.96+ 3 1.59+11
Phgs27 207.041 700+ 20 1749.448 8.451 723+ 1
Pbyge®® 208.042 764+ 20 1757.370 8.449 792+ 1 15.16+ 1 0.694 1
Pbyo 209.047 536+ 30 1761.584 4.214 2
Ph;210 210.050 9454- 35 1767.161 558+ 5 9.79+ 4 1.36% 6
Pbyge®tt 211.055 876+ 80 1771.216 4.06+ 9
Pbyse*? 212.059 291+ 35 1776.787 557+ 9 9.63+ 5 1.52+13
Pbyg?4 214.067 781+ 80 1786.269 0.484+ 9
33B1199%0% 205.042 580+ 80 1729.755
Bijg5?8 206.044 0994110 1737.222 747414
Bis®7 207.044 2774 50 1746.030 8.81+12 16.28-+10 1.34+18
Bijgs®® 208.045 852+ 80 1753.441 741+ 9
Bij26® 209.046 859+ 35 1761.420 8.428 7984 5 15.394 6 0.57410
Bip210 210.050 877+ 30 1766.388 497+ 5
Bijge!! 211.054 383+ 45 1771.868 548+ 5 10.45+ 6 0.51% 7
Bijgg? 212.058 666 35 1776.571 470+ 6
B30 213.062 042+ 40 1782.181 561+ 5 10.31k 6 091+ 6
Biyz 214.066 675+ 50 1786.534 435+ 6
34P0125%7 207.047 397 50 1742.069
Po;2s28 208.047 4044+ 30 1751.048 . 898+ 6
Poyg52 209.048 945+ 80 1758.493 7444 9
Pojge?t® 210.049 620+ 30 1766.804 831+ 9 15.76+ 4 0.87+12
Poyt 211.053 725+ 25 1771.685 488+ 4
Poyas®? 212.056 2504 25 1778.146 6.46+ 4 11.344 4 1.58+ 5
Pojgg?t3 213.060 5494 35 1782.833 4.69+ 4
Poy3e® 214.063 228+ 40 1789.140 631% 5 1099+ 5 1.62+ 7
Poy3, 8 215.067 804+ 80 1793.550 4414 9
Po;3?6 216.070 575+ 40 1799.765 6.22+ 9 10.62+ 6 1.80413
Poy3218 218.078 1854130 1810.127 10.36-£14
35A 12429 209.052 629+ 80 1753.969
Aty26%%° 210.054 0194100 1761.565 © o 7.60413
At 211.054 573+ 50 1769.997 8.43+11 16.034-10 0.844-17
Atyo?83 213.060 8284-150 1781.714 11.72416
Atyag™ 214.064 363+ 35 1787.165 545415
Atyg0*® 215.067 010k 45 1793.504 6.344+ 6 11.79416 0.89+16
Atyz® 216.071 067+ 40 1798.433 493+ 6
Atyg?7 217.073 627+ 45 1804.859 643+ 6 11.36% 6 1.50+ 9
Aty3318 218.077 766110 1809.706 4.854-12
seRnyo2! 211.057 672+ 50 1766.057
Rnjq?2 212.058 130+ 35 1774.585 853+ 6
Rnjpq?h 215.067 0074150 1792.666
Rnjz08 216.068 8874 35 1799.772 71115
Rnys2? 217.072 896+ 40 1804.749 498+ 5
Rnjz28 218.074 8994 40 1811.732 6.98+ 6 11.96+ 5 201+ 8
Rnygs?? 219.079 131+ 80 1816.486 475+ 9
Rnyz20 220.081 3224 40 1823.281 6.80+ 9 11.554- 6 2.04+13
Rnj3622 222.088 062-4-130 1834.513 . 11.234+14
s3Ra13?8 226.097 1844 80 1859.653 8.229
90 LThy40%2 232.111 8344 40 1897.237 8.178
92U 1424 234.115 259 80 1910.102 8.163
U142 235.118 53914+ 90 1915.756 8.152
Uge?® 238.126 3734 90 1934.932 8.130

a The errors throughout this table refer to the last significant figure of the particular result. These errors may be considered to be standard errors. The
limit of error is estimated to be three times the quoted error.

b No errors for total binding energy are specified. For most purposes, the difference in two TBE values is employed. For these cases, the errors in TBE
may be considered to be equal to the errors given for the corresponding atomic mass. In other words, one may assume the errors associated with the
neutron mass and the hydrogen mass to be negligible. For these calculations a neutron mass of 1.008 9860 48 amu!2 was employed.

° The error in this column is =4=0.001 mmu unless otherwise specified.

d The error for this value is 4:0.002 mmu.

e This value is estimated from binding energy systematics.
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F1c. 2. Average binding energy per nucleon for the stable isotopes.

to the behavior in the vicinity of N =82 as can be seen
from a similar plot drawn for the lighter region by
Johnson and Nier.!

The mass data of the present investigation can be
employed to calculate a large number of separation
energies and pairing energies. The neutron separation
energy, S.(Z,N), sometimes known as the binding
energy of the last neutron, is easily calculated from the
total binding energy data:

S.(ZN)=TBE(Z,N)—TBE(Z, N—1). (2

The separation energy of the last pair of neutrons,
San, is determined by a similar difference between two
total binding energy terms. Proton separation energies
are defined in a corresponding manner. A negligible
error is made by employing total binding energies
instead of total nuclear binding energies. The pairing
energy, P.(Z,N), associated with the last pair of
neutrons for a nucleus with an even neutron number,
N, is given by

P.(ZN)=S.(Z,N)—S.(Z, N—1), N even,
=TBE(Z,N)+TBE(Z, N—2) 3)
—2TBE(Z, N—1).

In a similar manner, the pairing energy of the last pair
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FiG. 3. The neutron separation energies, S». Values having errors
larger than 0.2 mmu appear as open circles.

¥1G. 4. The separation energy of the last pair of neutrons, Saa.
Values having errors larger than 0.2 mmu appear as open circles.

of protons, P,(Z,N), in a nucleus with even Z can be
calculated from

P,(Z,N)=S,(Z,N)—S,(Z—1,N), Z even,
=TBE(Z,N)+TBE(Z—2, N) @)
—2TBE(Z—1, N).

The definition of pairing energies will be employed for
all calculations although it is recognized that the
neutron pairing energy for odd Z contains an inter-
action term between the odd proton and the added
neutrons. Similarly, the proton pairing energy for odd
N contains an interaction term between the odd neutron
and the added protons.

The neutron separation energies, binding energies,
and pairing energies that may be calculated from the
present data are listed in Table VII while the proton
separation energies and pairing energies that may be
calculated are listed in Table VIIL.25

Sn, S2a, and P, have been plotted as functions of N
in Fig. 3, Fig. 4, and Fig. 5, respectively. If an error
larger than 0.2 mmu is associated with a particular

1:11]111JI||x|||s|1||||[111x
) 120 130 140
N

LI B I B B e

go

F1G. 5. The neutron pairing energies, P,. Values having errors
larger than 0.2 mmu appear as open circles.

25 Tt should be pointed out that the measured mass differences
are often more accurate than the corresponding atomic masses
listed in Table VII. For this reason, separation energies and
pairing energies were computed directly by using the adopted
values of the isotopic doublets of Table II and the relevant
nuclear data, wherever this procedure could give a value more
accurate than the values obtainable by use of the atomic masses.
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TABLE VIII. Separation energy of the last proton, S, and the proton pairing energy, P,, for heavy nuclei.

Isotope Sp, mmu Pp, mmu Isotope Sp, mmu P,, mmu
s3Eug1% 5.00+=17 18 Pt114192 7.31+36 2.244+52
Eug!® 5.18+16 Ptyy5% 7.48-+33 1.394:50
Eugy!®? 6.114-17 Pty16* 8.14-£30 2.58-4-45
Eug!5 6.224-28 Pt1171% 8.10+ 4 1.174+30
EumlM 7.034-25 7gAl1115194 5.434-30
B e
Ug3 204 U7 .
64Gdgs!? 7.94+21 2.76£26 Auy s’ 5.98+18
Gdg,!® 7.99-+29 .1.88+34 Auyy gt 6.80415
Gdgo'®™ 8.27+32 2.06+43 Au;g0® (7.14:30)=
Gdg,1% 8.16+ 4 1.13425 Auye®® 7.76+13
Gdgol0® 8.56+ 4 1.384-32 soHg116198 6.94+16 1.5417
Gdyst®™ 872+ 7 0.52+14 Hg115%8 7.724+10 1.74421
Gdy,%8 9.50411 Hg119'% 7.824 4 1.01416
65 L byg3!®® 6.53+26 Hg202° 8.26+ 4 (1.12430)=
Thyy!® 6.78426 Hgy2:?* 8.26+10 0.504-16
N T
96 A2+ 81 L1129 2
66Dyosl® - 7.83+£22 1.05+£34 T34 6.70% 5
Dygst6t 8.054 5 1.16422 T1;94205 6.791+12
Dyqge!® 8.61+ 5 1.19428 T1y25208 7.904:20
s7H 097164 5.88+23 82Pby20? 7.00+ 5 0.80+ 7
Hogs!6% 0.34+22 Phb;95%° 717+ 8 047+ 9
Hogy'8® 7.08-£22 Pby24208 7.88+12 109417
mr B, T T
681uI'gg .09+ 35+ 126 .64+
Ergg!® 8.07+ 4 0.98+22 Pby2? 8.71+ 4
El‘wol‘n’ss 2.58:!:;‘% 1.32+16 ggm:ﬁ gg?ﬂ:lg
69 L ggl08 .68+ 129 01+
Tl‘nmo169 594&21 saBimz”s 350j: 8
,[‘mmm; 260:1:52 ginaz: g;g:ﬁlg
Tmje!” 844 1124 824
70Y b1oo™® 7.28420 1.344-29 Bijp208 3.994 8
Ybio:™ 731+ 4 0.704=20 Bi; 262 405+ 4
Ybie2!™ g.87:}: 4 1.02+22 gilzﬁ‘l’ i?(l):lz g:
n1Lugest™ .604=20 1128 d1+=
Luyed™ 5.93+19 Bijgs®2 5.364+ 9
Luyos!7® 6.39+ 6 Biy30213 5394+ 5
Luiost” 6.394-17 34P0125207 4.85+12 1.07418
7eHE10417¢ 6.95+19 1.024-27 Poy4%8 502+ 9 1.20+10
Hif5!77 7.054 6 0.66+ 9 Poygs20? 5.05+11 1.064-14
Hif06'78 7.86+ 5 1.47+18 P00 538+ 5 1.33+ 6
73 L1047 4754 7 Poj21t 530+ 4 0.494 6
Ta10713° 661:’:18 1)0123212 628:f: 5 157:!: 8
Ta08!8! 6.96+18 Pojg®t? 6.26+ 5 091410
Taie'82 6.77+16 Poyz0?t 6.96+ 6 1.56+ 8
wm B e e
108 54+ ST ssAAt124 .
Wigo!82 7724 4 0.95+17 Atyp5210 3.07+13
Wipot# 8.324 4 Atya6! 3.194 6
Wip186 8.584-22 Atygg?t3 3.57415
75Re|10185 6.013-19 Atugﬂ"r 4334 5
Re;p,186 6.28425 2’(130::: iggi 8
R6112187 6.624-22 tisi .88+
Rey5!88 7.02428 Aty32V7 5.09+ 6
76081105 6.97+25 0.964-31 ssRnyae2lt 449411 142417
Osy111%7 7.164 4 0.87+25 Rinyge2t? 4594 6 1.40+ 9
Osy19!%8 7.88-+28 1.2636 20 s : :
Os1171% 787+ 4 0.8628 Rnuog 55013 L1716
) 5.07£37 Rnys6 6.27+ 6 1.90+ 9
Try151%2 6.094-37 Rnyg 27 6.324 6 1.43411
Tryp6!% 5.56+34 Rnjse8 6874 6 1.78+ 9
I 6.93430 Rz 6.784-14

2 This value is calculated using the estimated total binding energy of Pt19,

value, the point appears as an open circle. The points
referring to neighboring isotopes of a particular element
have been joined together by a solid line. A dashed line
is employed to indicate that at least one intermediate
point is missing.

All three plots show marked discontinuities corre-
sponding to the major shell closure at N =126. The
neutron separation energies for neutron numbers
beyond N =126 have considerably smaller values than
the values for N=283 to 126. For the case of even N,
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F16. 6. The proton separation energies, S,. Values having errors
larger than 0.25 mmu appear as open circles. The value indicated
by ® is calculated using the estimated total binding energy of
Pt198‘

S.(N=128) is, on the average, about 2.2 mmu smaller
than S,(N=126) for the same element. For the case
of odd WV, this decrease is about 2.8 mmu. Johnson and
Nier! reported a similar decrease as the shell edge at
N=82 is crossed. They, however, did not report any
difference between the even-N and the odd-N cases.
A closer examination of the present data reveals that
the neutron separation energies for N=125 are in
general “anomalously high” by about 0.5 mmu. This
anomalous increase is reflected in the values of neutron
pairing energies for N=126, which have very low
values in the case of all five elements represented in
Fig. 5. The same anomalous increase for S,(N=125)
appears to be responsible, at least in part, for the
increase in average binding energy per nucleon in the
vicinity of Z=82 and N =126, which was pointed out
in an earlier paragraph. It may be pointed out that the
value of S,(N=125) for Hg? does not depict this
anomalous increase. It may also be noted that the
closure of the proton shell at Z=82 does not appear
to give rise to any significant anomalies for the neutron
separation and pairing energies.

The plots in Fig. 3 and Fig. 5 confirm with more
completeness the anomalies in the neutron separation
energies and the neutron pairing energies, which were
reported earlier’? in the regions around N=90 and
N=116. A plot of S,, against NV in Fig. 4, which was

3.0 9 ’
. .
r 6d .
B Pt
zo: Nd
E] Ce
£
E |
o L
10
—IJJJ'II|l!ll'lli!ll_‘_;ll.llll
%o EQ 100 [ 120 )

N

Fi6. 7. The proton pairing energies, P,. Values having errors
larger than 0.25 mmu appear as open circles. The value indicated
by ® is calculated using the estimated total binding energy of
P18,

JOHNSON, AND NIER

not reported earlier, substantiates quite clearly the
existence of anomalies in both of these regions.
Sen(N=90) for Dy'%® appears to have a particularly
high value. In general, the discontinuities present in
the region around N =90 appear to be more pronounced
than the discontinuities present in the region around
N=116.

In a manner similar to the above, the proton sepa-
ration energies, .S, and the proton pairing energies,
P,, have been plotted as a function of N in Figs. 6 and
7, respectively. In contrast to the plots of neutron
binding energies, the open-circle points in Figs. 6 and
7 indicate errors larger than 0.25 mmu. The proton
pairing energies for cerium and neodymium have been
taken from Johnson and Nier.! The plot of .S, depicts
a marked discontinuity for the major shell closure at
Z=82. Among the nuclei with the same neutron
number N, the proton separation energies are reduced
considerably as the shell edge at Z=82 is crossed. The
proton pairing energies have a “minimum” for Z=82,
a behavior similar to that of the neutron pairing energies
at N=126.

In addition, the proton pairing energies show two
pronounced maxima at N=88 and N=116. As re-
marked earlier, the neutron pairing energies also show
maxima in the same regions at N=90 and N=116. The
nature of this anomalous behavior appears to be
different from the discontinuities connected with the
major shell closures, where, for instance, the “magic”
character of a particular neutron number N does not
affect in a significant manner the behavior of the proton
separation and pairing energies for nuclei with neutron
numbers close to N. The discontinuities near N=90
and N=116 appear to be caused by a change in the
nuclear structure in these regions. Such a change is
indicated by other nuclear properties also, such as the
isotope shifts, the electric quadrupole moments, and
the ratio of the excited state energies. It is now well
known that the region around 90 neutrons is the region
of transition from a nuclear model characterized by
vibrational energy states to one characterized by ro-
tational energy states. The reverse transition takes
place in the region around N=116. The fact that the
nucleon pairing energies are rather large in. these
regions of transition indicates that the nucleon-nucleon
interaction in the outermost shells acquires additional
prominence in these regions.

Q VALUES IN THE HEAVY MASS REGION

The calculation of ground-state Q values is another
important application of mass data. Comparison of
these calculated values with the experimentally deter-
mined Q values provides an independent check for the
latter value as well as its isotopic assignments. Most
of the experimental Q values in the heavy mass region
have been obtained by use of materials with natural
isotopic abundance. For this reason, the isotopic as-
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signments for these experimental Q values are difficult
or impossible. The comparisons that may be made by
use of the present mass data are, therefore, valuable in
the assignment of these Q values. The following para-
graphs discuss some of these comparisons.

Silva and Goldemberg? measured a (y,#) threshold
for samarium of —9.6 Mev and assigned it to the
reaction Sm!*(y,7)Sm'. This gives a value of 10.3
mmu for 5,(Sm'). From the systematics of Johnson
and Nier,! $,(Sm'4) may be estimated to be about 11.2
mmu. Sm' has 82 neutrons and is the lightest stable
isotope of samarium. The S, values for all of the other
stable isotopes of samarium are less than 9.0 mmu. It
would appear, therefore, that the (y,n) threshold
measured by Silva and Goldemberg does not represent
a ground-state transition for any stable isotope of
samarium. It may, however, be assigned as an excited
state transition for a stable isotope of samarium other
than Sm!%,

Knowles et al.26 have investigated neutron capture
gamma rays from a source of separated isotope Gd!®’
and give a value of 8.50920.009 mmu for S,(Gd!®).
This value is in excellent agreement with the value
calculated from the present mass data. Kubitschek and
Dancoff?” assigned a gamma ray of energy 6.84-0.4
mmu to the same reaction. Their value appears to be
incorrect or misassigned.

Tobin et al.2® have reported, on the basis of their
photoneutron thresholds, S, values of 7.20+0.10 mmu
and 7.014-0.12 mmu for Hf'"7 and Hf'”, respectively.
These values are about 0.4 mmu larger than the corre-
sponding S, values calculated from the present mass
data. The differences in the ground-state spins of the
initial and final nuclei,? for the reactions Hf'7? (v,n) Hf'7¢
and Hf'™(y,n)Hf'"8 are, respectively, 7/2 and 9/2.
Under these circumstances, it is likely that their photo-
neutron thresholds do not represent ground-state
transitions. Campion and Bartholomew® investigated
the neutron capture gamma ray for hafnium. They did
not make any isotopic assignments for the six observed
gamma rays. A comparison of their results with the
values given in Table VII, suggests several assignments.
Their gamma ray A of energy equal to 8.18+0.02
mmu should clearly be assigned to the reaction
Hf'77(n,v)Hf'78, for which the mass data predict a Q
value of 8.18+0.05 mmu. The other large value of S,,
predicted from the present mass data, is 7.904-0.05
mmu for Hf'®, Gamma ray B reported by Campion
and Bartholomew has an energy of 7.87240.032 mmu
and should, therefore, be assigned to the reaction
Hf' (,v)Hf'®, Their gamma ray of energy equal to
6.54540.011 mmu can be assigned to a neutron capture

26 J. W. Knowles, G. A. Bartholomew, and P. J. Campion,

Bull. Am. Phys. Soc. 4, 246 (1959), and private communication.

27 H. Kubitschek and S. M. Dancoff, Phys. Rev. 76, 531 (1949).

28 R. Tobin, J. McElhinney, and L. Cohen, Phys. Rev. 110,
1388 (1958)

P. J. Campion and G. A. Bartholomew, Can. J. Phys. 35,

1361 (1957), erratum in Can. J. Phys. 36, 1721 (1958).
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by Hf'’8. The present mass data predict an energy of
6.5640.05 mmu for the reaction Hf'78(n,y)H{'?, Their
gamma ray D of energy 6.924-0.02 mmu may possibly
be assigned to the reaction Hf'7¢(n,y)Hf'7?. The mass
data predict a Q value of 6.834+0.05 mmu for this
reaction. From the .S, systematics in this region, the
gamma rays C and F of Campion and Bartholomew
may be assigned to the reactions Hf'%(#,y)Hf'7® and
Hf'®(n,y)Hf'®}, respectively. This assignment will yield
a value of 6.1440.09 mmu for .S,(Hf'®!). The present
mass data combined with several Q values and beta-
decay energies gives a value of 6.7140.18 mmu for
S.(Hf'8!), This value is believed to be in error. The
former value derived from (n,y) spectra appears to fit
in better with the systematics of S,.

The neutron capture gamma-ray spectrum for
tungsten has been investigated by Kinsey and Bar-
tholomew.® They assigned, tentatively, their gamma
ray D of energy 6.64040.008 mmu to the reaction
Wi (n,v) W18, The data of Table VII predict a ground-
state gamma ray of energy equal to 6.704-0.04 mmu for
this reaction. It may be pointed out that the peak D of
Kinsey and Bartholomew was complex in shape. Also,
a level at 0.05 Mev for W'# has been reported.’ These
considerations suggest that the tentative assignment
of gamma ray D is correct but the value for its energy
may contain a small error. The same authors assigned
tentatively their gamma ray A of energy 7.97-+40.02
mmu to the reaction W' (7,y)W4 The mass data
predict an energy of 8.0120.04 mmu. This agreement
suggests that the tentative assignment made by Kinsey
and Bartholomew is correct. There are also available
two (v,n) thresholds for tungsten at 6.724-0.32 mmu
and at 7.6940.32 mmu, determined by Sher et al.®! A
reference to Table VII indicates that these should be
assigned to the reactions W B(y )W and
W88 (v, ) W85 respectively. Kubitschek and Dancoff?’
investigated the neutron capture gamma-ray spectrum
for tungsten and gave a probable .S, value of 7.61+0.3
mmu for W7, The present data indicate that their Q
value does not represent a ground-state transition for
any isotope of tungsten.

For the element rhenium, Sher et al.®' observed a
(v,m) threshold at 7.8420.32 mmu. Their probable
assignment of this threshold was for the reaction
Re'®7(y,n)Re!®8. The present mass data, combined with
the beta-decay energy for Re'$® predict a threshold
value of 7.9440.05 mmu for this reaction.-S, system-
atics for this region indicate that the threshold for the
reaction Re!3%(y,z)Re!®* should be greater than the
threshold for the reaction Re!®7(y,z)Re!®¢. This indi-
cates that the probable assignment made by Sher et al.?
is correct.

The S,(Ir'®?) value obtained from the (#,y) Q value

(1;"5% B. Kinsey and G. A. Bartholomew, Can. J. Phys. 31, 1051
(125R)" Sher, J. Halpern, and A. K. Mann, Phys. Rev. 84, 387
1).
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TaBLE IX. Mass differences calculated from present values
compared with nuclear values.

Present result Nuclear value

Mass difference (mmu) (mmu)
Gd1®2—Smi48—4 6.64 20 5.75 £10=
(Gd!%2—Sm!% 0.42 420 0.0604-20
Gd1%—Sm!%—1 1.06 +20 0.36 +£302
G156 — GJrss— —0.151440 0.63 + 5
Gdres— Gq7— 0.475440 0.477£11"
1.08 & 5S¢
22 &4 44
Dy160—Th1o— 0.31 £15 0.05 +40
Gdi%— Dy 2.30 £20 <196 + 1e
Hol%—Eri¢4—1 1.64 £25 1.34 £ 7
Erl66—Hol65—1 0.16 £25 0.35 +40
Lul76—Hf176 1.69 +18 1.07 £ 2
Hf"7—Hf176—1 216 £ 5 1.79 +10f
Hf1" — Hf178— 243 £ 5 1.98 +13f
Wiss Wi 1 2.288440 (2.346+ 8)°
2.27 430¢
Wisd_Wiss 1 0.9744-40 1.02 & 2
Reld7 — Wiss— 1.48 15 —0.05 +30»
Re87 —s187 0.05 20t <0.01
—0.68 +15i
Og187—Qg186—1 2.1364:40 2.30 430
Pt192—Qs188—4 6.98 25! (~6.7)
Ir198—Jrio1—2 300 £ 9 406 +30°
Iris—pte2—1 1.12 £27 217 420
Ptiod—Pptioe— 2.18 10 1.00 +£30s
P1os—Pp1od—1 2.446£40 (2.47 £ 4)
(243 £ 9)k
24 £ 21
Pt1os—pt1os—1 0.4804-40 0.480413¢
0.18 +20#
0.43 +20!
Hg20—Hgl9—1 0.3254-40 0.36 + 3Lm
14 &4 424
0.35 410~
Hg?l —Hg20—1 2.269-440 2.09 320
Ph7—Phs— 1.7424-40 1.754+ 8°
1.56 & 7k
1.79 & 2¢
1.81 & 54
Ph28— Ph207— 1.0704-40 1.060+ 8°
0.96 =4 9k
1.08 £ 3!
1.08 £ 59

a These values are based in part on nuclear reaction Q values whose
isotopic assignment appears to be incorrect. See Appendix.

b See reference 26.

¢ See reference 30.

d See reference 27.

e This value is based on the assumption that Tb!% —Gd!% <0, Gd% is
known to be a stable nuclide.

f These values are based on (v,%) thresholds of Tobin et al.28 These may
not represent ground-state transitions and isotopic assignment may also
be wrong.

e See reference 31.

b This value is based on the doublet C8C11H 27N —Os!86 of Table I.

i This value is based on the doublet CisHz2z —Os!90 of Table I.

i The doublet CBC11H 27N —Os!86 of Table I was employed to obtain the
mass of Os!88, X

k Weighted average of (y,n) thresholds listed in reference 16.

1 See reference 32.

m B, P. Ad’yasevich, L. V. Groshev, and A. M. Demidov, Proceedings of
the Conference of the Academy of Sciences of the U.S.S.R. on the Peaceful
Uses of Atomic Energy, Moscow, July, 1955 (Akademiia Nauk, U.S.S.R.,
Moscow, 1955) [translation by Consultants Bureau, New York: Atomic
Energy Commission Report TR-2435, 1956, p. 270].

= T. J. Kennett, L. M. Bollinger, and R. T, Carpenter, Bull. Am. Phys.
Soc. 3, 177 (1958) Error is not specified by the authors.

o See reference 37.

» M. T. McEllistrem et al., Phys. Rev. 111, 1636 (1958).

a This is derived from (d,?) reaction listed in reference 16.

of Kubitschek and Dancoff?” appears to be in error.
S.(Ir'%) obtained from (v,n). threshold of Sher et al.®!
has been considered to be correct. The details are given
in the Appendix.
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In the case of platinum, a number of nuclear
values are available. Sher et al.®! reported three photo-
neutron thresholds at —10.2040.21 mmu, —6.554-0.21
mmu, and —8.8140.21 mmu, which were assigned,
respectively, to the reactions  Pt¥(y,n)Pt%,
P19 (y,n)Pt'% and Pt1¥(y,n)Pt¥5. Harvey® reported
Q values for Pt'*(d,p)Pt"* and Pt'*3(d,p)Pts. His
data give for S,.(Pt*) and S,(Pt" %) the wvalues
6.59+0.21 mmu and 8.5524:0.21 mmu, respectively.
Kinsey and Bartholomew® assigned their gamma rays
of energy 6.5240.04 mmu and 8.51+40.013 mmu to
the reactions Pt (n,y)Pt% and Pt'%(n,y)Pt1%, respec-
tively. A reference to Table VII indicates that the value
for S,.(Pt¥%) and S,(Pt"¢), computed by employing
the mass spectroscopic data of Johnson and Bhanot,?
are in agreement with the values derived from (#,y)
and (d,p) reactions. S.(Pt*) and S,.(Pt"¥) derived
from the photoneutron thresholds of Sher et al. appear
to be too high. The threshold for Pt'%(y,n)Pt agrees
with the mass spectroscopic as well as with the other
nuclear data.

Three nuclear values are available for the mass
difference Hg?®—Hg'®. These have been compared
with the mass data in Table IX. The value of
Kubitschek and Dancofi?” for Hg'% (n,y)Hg>® is clearly
incorrect or misassigned. The two other values are in
agreement with the present mass data. The mass spec-
troscopic value for the mass difference Hg?'—Hg>®
leads to an S, value of 6.684-0.03 mmu for Hg®!. The
(v,n) threshold of Hanson et al.® gives a value of
6.714£0.21 mmu for the same, indicating that their
tentative assignment of the observed threshold to the
reaction Hg?*(y,7)Hg?® is correct. Parsons and Collie*
observed a photoneutron threshold for mercury at
7.0940.21 mmu and assigned it to the reaction
Hg®' (v,n)Hg?. A comparison with the mass spec-
troscopic value and with the photoneutron threshold
of Hanson et al. indicates that Parsons and Collie’s
(y,n) threshold is incorrect or misassigned. Their value
may be assigned to the reaction Hg¥*(y,n)Hg'"s. The
present mass data predict a threshold of 7.184-0.04
mmu for this reaction.

Sher et al® observed two thresholds for the (v,x)
reaction with a thallium target. Threshold energies of-
9.4540.21 mmu and 8.1140.21 mmu were obtained.
They assigned these to the reactions TI%%(y,%) T2 and
TI205(y,n) T12, respectively. For the latter reaction,
two more nuclear values® were available. Both of these
agree within the experimental errors with the threshold
value given by Sher et al. However, the threshold of
Sher et al. for the reaction TI2%(y,n)TI12? leads to a
value for S,(T1?®) that appears to be too high when
compared to .S, systematics for the region. This

2 J. A. Harvey, Phys. Rev. 81, 353 (1951).

# A, O. Hanson, R. B. Dufﬁeld J. D. Knight, B. C. Diven,
and H. Palevsky, Phys. Rev. 76, 578 (1949).

# R. W. Parsons and C. H. Colhe Proc. Phys. Soc. (London)
A63, 839 (1950).
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threshold value was, therefore, not employed for the
calculation of the mass of T1*2 Harvey # investigated
(d,p) reactions for a thallium target. Two Q values of
4.2940.15 Mev and 3.9320.15 Mev were obtained.
These were assigned to the reactions TI12%(d,p) T1** and
TI25(d,p) T126) respectively. Neutron separation ener-
gies for TI?* and TI2%¢ derived from the (u,y) reactions
are in agreement with the values derived by use of
(d,p) Q values. Foreman and Seaborg® interchanged,
somewhat arbitrarily, the .S, values for T1** and TI>.
This interchange, however, is found to lead to a value
for S,(Hg*®) that does not fit in with the .S, system-
atics. Also, this interchange gives for .S,(T1*®) a value
that is smaller than S, (TI2). This is contrary to the
trends of S, systematics for this region. It is believed,
therefore, that the isotopic assignments made by
Harvey® and by Bartholomew and Kinsey?®$ are correct.
It appears, however, that the Q values assigned to the
reactions TI%(s,y)T12¢ and TI?5(d,p)TI?*® do not
represent ground-state transitions. These two Q values
were, therefore, not employed in the present study.

In the case of lead, many Q values are available.?
All of these, except one, are found to be in agreement
with one another and with the mass spectroscopic data,
as shown in Table IX. The value in disagreement with
the rest of the data is the threshold for the reaction
Pb?8(y,n)Pb?7 reported by Parsons and Collie.® It
appears that this photoneutron threshold is incorrect.
The (n,y) spectra for “natural” lead as well as for a
sample of radiogenic lead were investigated by Kinsey
et al.” By a comparison of the intensities of the spectra
from natural lead and from radiogenic lead, Kinsey
et al. assigned their gamma rays of energy 6.734 Mev
and 7.380 Mev to neutron capture in Pb?*® and in Pb?7,
respectively. They did not assign any gamma ray to a
capture in Pb?®, They had observed a gamma ray of
energy equal to 6.9040.05 Mev which they stated
might be due to an impurity or due to a transition to
an excited state of Pb*%. In addition, it appeared that
the peak for the 6.7-Mev gamma ray in the case of
natural lead was enhanced by another gamma ray due
to some impurity. The masses given in Table VII lead
to a value of 6.7020.08 Mev for S,(Pb?%). This indi-
cates that the contamination of the 6.7-Mev gamma
ray was, possibly, a weak gamma ray of an almost
equivalent energy due to a neutron capture in Pb*™.
There is also the possibility that the mass data may
contain small errors, and that S, (Pb*?) should be close
to 6.9 Mev. In that case the gamma ray of energy
6.90+0.05 Mev, observed by Kinsey et al.,” may be
assigned to a capture in Pb¥%,

In the case of bismuth, the nuclear Q values® for

3 G. M. Foreman, Jr., and G. T. Seaborg, J. Inorg. & Nuclear
Chem. 7, 305 (1948).
( 36 G) A. Bartholomew and B. B. Kinsey, Can. J. Phys. 31, 1025
1953).
37 B. B. Kinsey, G. A. Bartholomew, and W. H. Walker, Phys.
Rev. 82, 380 (1951).
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the reactions Bi?®(n,y)Bi? and Bi*®(d,p)Bi**® have not
been employed in the present work. It is believed that
these do not represent ground-state transitions.
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APPENDIX

The various adjustments made in the preliminary
mass spectroscopic mass table will now be discussed.
Table IX lists the various nuclear values with the
corresponding unadjusted mass spectroscopic values,
wherever a comparison could be made. Quite a few
listed nuclear values are based on nuclear reaction data
for which isotopic assignments are considered to be
doubtful. Such nuclear values were not employed as a
basis for any adjustments. The remaining comparisons
lead to the following considerations.

1. The mass spectroscopic value for the mass differ-
ence Gd¥—Sm!® is found to be higher than the
nuclear value which is considered to be quite well
established. The mass of Gd!* is obtained from that
of Gd¢, This indicates that either the mass of Gd'5®
is too high or the mass of Sm!* is too low or both. It
may be noted here that the mass of Th'® obtained from
that of Dy'® by using the beta-decay Q value is found
to be less than that of its stable isobar Gd'®. This is
considered as an indication that either the mass of
Gd' is too high or the mass of Dy'® is too low or both.
However, the comparison for the mass difference
Dy'0—Tb'® gives some indication that the mass of
Dy'®? may already be too high unless the mass of Th'%
is too low or the nuclear value is incorrect. Considering
all these factors and in-order to introduce a minimum
number of arbitrary adjustments, the mass of Gd'¢
has been lowered by 0.36 mmu.

2. The disagreement for the mass difference
Ho'%—Er!'® is not poor, considering the errors asso-
ciated with the experimental data. The mass of Ho!¢®
was reduced by about 0.19 mmu and the mass of Er'68
was increased by about 0.11 mmu in order to eliminate
this discrepancy.

3. A somewhat large inconsistency is found for the
mass difference Lu'”®—Hf'"6. Since the mass of HIf!7¢
has a smaller error associated with it and the beta-
decay energy seems to be well established, the mass
of Lu'7® has been obtained from that of Hf'?¢, The mass
for Lu'7 is calculated from that of Lu'’¢ by employment
of the isotopic mass unit Lu!’®—Lu'”® of Table II.
Thus, the doublet value for Lu'”® has not been
employed.

4. The nuclear values for the hafnium isotopes were
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calculated from (n,y) Q values of Tobin et al.?® It
appears that these do not represent ground-state
transitions.

5. The next serious discrepancy occurs for one of the
values for the mass difference Re'¥7—Os'*". The second
value, which is obtained from the experimental mass
of Os™® in combination with the osmium isotopic mass
units, appears to be incorrect. The ion intensities for
both components of this doublet were poor. This
doublet has, therefore, been rejected in favor of the

doublet CBC;HyN—Os'®® of Table I, which gives

directly the mass of Os'®¢. It is also possible that a part
of the error may lie in the mass of Re!® or in the mass
difference Re!'87—Re™5. The choice for the osmium
mass is, therefore, rather arbitrary.

6. The iridium masses presented probably the most
serious inconsistencies. Several mass spectroscopic as
well as nuclear values seem to be in error. The directly
determined mass spectroscopic value for Ir'%—Ir'% is
more than 1 mmu lower than the corresponding nuclear
value, which is obtained by combining the Ir'®!(n,y)
Q value of Kubitschek and Dancoff?” with the Ir'%(y,n)
threshold of Sher et al.® There is another discrepancy
of about the same magnitude between the mass of
Ir'% obtained from Ir'" via the isotopic doublet
Ir%—Tr® and the same mass computed from Pt!*
via the Ir'%(y,n) threshold and the beta-decay energy
of Ir*2. Both discrepancies could be resolved by
assuming that the measured value of the double mass
unit Ir'%—TIr% is low by about 1 mmu. In view of
possible background contamination on both of the
iridium peaks, such a large error is possible, but is not
considered very likely. It should be noted that the
(n,v) value of Kubitschek and Dancoff leads to a value
for S, (Ir'*?) which appears to be too low when compared
to S, values for similar neighboring nuclei. If this (n,y)
Q value is incorrect by about 1 Mev, the present value
of the mass difference Ir'%—Ir'®! should be about
correct. That will indicate either that the mass of
Pt1*2 and so of Pt is wrong or that the mass of Ir'®
is incorrect. With a view to introduce the minimum
number of arbitrary changes, the experimental masses
of the platinum isotopes were not changed. The mass
of Ir'® was obtained from that of Pt? by employing
the Ir'®(y,n) threshold of Sher et al. and the beta-
decay energy of Ir'2. The experimental value for
Ir®—TIr"! was employed to obtain the mass of Ir'®
from that of Ir'". Thus, the doublet C¥C 3Hyp— Ir'®
from Table I was rejected. At the same time the (#,y)
Q value of Kubitschek and Dancoff is adjusted through
about 1 mmu.

The mass table was extended to the lighter region
by adopting Johnson and Nier’s values' for stable
atomic masses of samarium and europium, except for
one major change. Their value for Eu'® leads to values
of neutron separation energies which do not fit very
well with the systematics of the region. The doublet

BHANOT, JOHNSON, AND NIER

CBCpHyp— Eu!®0 from which this mass is obtained
was a particularly difficult one to measure. This is
reflected in its rather large quoted error of 0.4 mmu.
The intensities of both ions comprising the doublet
were poor. Because the comparison ion had a rather
large (C®), satellite, Johnson and Nier had to apply a
correction to the measured value. In addition, the
possibility exists that a peak due to Ci3His not re-
solvable with their resolution from C¥C,H;,, may
have contaminated the latter peak. Such a contami-
nation, if undetected and so uncorrected for, will cause
the measured value of Eu'® to be too small. An error
in the same direction is indicated, in fact, by the
neutron separation energy systematics. An increase of
about 0.4 mmu in the mass of Eu'® will lead to more
plausible trends in neutron separation energy system-
atics in the region. It may be noted that the quoted
error for the measured value is also 0.4 mmu and so
such a change is not very unlikely. Tentatively, this
arbitrary adjustment has been adopted. Errors quoted
by Johnson and Nier have also been changed in a few
cases in order to bring them in line with the errors
adopted for the heavier region.

The mass table was then extended to the heavier
region by adopting the very precise values of Benson
et al.? for stable atomic masses of mercury and lead
(with a few minor changes). Recently, Demirkhanov
et al.’® have also published mass spectroscopic values
for stable atomic masses for both of these elements.
Their values disagree rather sharply with the values of
Benson et al. In addition, several isotopic mass differ-
ences calculated from their data disagree rather badly
with the nuclear values and with the present isotopic
mass differences of Table II. Some of their isotopic
mass differences agree with those of Benson et al. and
with other values. However, this agreement does not
rule out a constant shift in both of the masses from
which a particular mass difference is derived. A closer
examination of the two sets of data will show that the
presence of C' satellites on the “lines” of Demirkhanov
et al. can lead to errors in the same direction as indi-
cated by the discrepancies. However, it appears that
the mass spectrograph employed by Demirkhanov et al.
has a resolution which is sufficiently high to resolve the
C? satellites from the reference lines being employed.
The reasons for these discrepancies are, therefore, not
understood.

In the work of Benson et al., C* satellites were clearly
observable on their oscilloscope screen and were com-
pletely resolved from the ion peaks employed.in their
doublets. Isotopic mass differences calculated from their
doublets are in excellent agreement with the nuclear
values and with the values reported in the present work,
except in the case of Hg2®—Hg'®, Even in this case, the
disagreements are less than 0.1 mmu.

Recently, Kerr and Duckworth! also have published
mass spectroscopic masses for Hg?® Hg?' and Hg™.
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Their values disagree with the values of Benson et al.
It may be noted that Kerr and Duckworth employed
only a part of a large mass spectrometer under con-
struction. The employed part has only single-focusing
properties. Also, their quoted errors are much larger
than those of Benson et al.

In view of these considerations, the masses for
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mercury and lead isotopes of Benson et al. have been
adopted with a few minor changes. These changes were
made to obtain atomic masses consistent with the
nuclear values for isotopic mass differences, and also
consistent with the adopted values of Table II of the
present work. The experimental masses of Benson et al.
were in no case changed by more than 30 umu.

NUMBER 1 OCTOBER 1, 1960

Gamma Rays from the Proton Bombardment of Natural Silicon™

L. W. SEAGONDOLLAR, GALE I. HARRis, AND L. KASTURI RANGAN
Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas

(Received February 26, 1960; revised manuscript received June 2, 1960)

The gamma-ray yield curve was observed when thin targets of natural silicon were bombarded with
monoergic protons in the energy range of 300 to 1840 kev. In order to take small steps in proton energy, a
target potential modulation technique was used. Fifty-five resonances were observed, all but fifteen of which
have been observed elsewhere using targets enriched in Si# or Si%, The fifteen resonances at 369, 1096, 1134,
1204, 1290, 1382, 1472, 1484, 1507, 1570, 1598, 1617, 1625, 1630, and 1653 kev are presumed due to the Si?8

-+ reaction.

N an earlier attempt at this laboratory to measure
the gamma-ray yield versus proton energy! resulting

from proton bombardment of natural silicon, it was
found that the resonances in the thin-target yield curve
were very sharp and extremely small. The agreement
of these earlier data with other comparable data?? was
generally good but certain discrepancies did exist.

Possible sources of discrepancies seemed to be (1)
impurities in targets, (2) the size of steps taken in
proton energy, and (3) the statistical accuracy of
individual yield points. Detailed checks showed our
targets free of contaminants in amounts sufficient to
give detectable resonances. Great improvements were
desired, however, in counting rates and in the method
of taking steps in proton energy. A larger gamma-
detector and the energy modulation system developed
by Cranberg et ol offered attractive improvements.

In the energy modulation system, the potential of
the target is swept from 20 kv to —20 kv by a 10-cps
“saw-tooth”” high-voltage source. A single energy setting
of the Van de Graaff is all that is necessary, in principle,
to cover a 40 kev range of the yield curve. Correlation
of a particular gamma ray with the energy of the proton
which caused its emission is done by amplitude modula-
tion of the pulses put out by the single-level, pulse-
height discriminator in the gamma detection system.

* Supported in part by the National Science Foundation.

1 L. W. Seagondollar, J. A. Woods, H. G. de Souza, and W. A.
Glass, Bull. Am. Phys. Soc. 2, 304 (1957).

2 M. R. Seiler, J. N. Cooper, and J. C. Harris, Phys. Rev. 99,
340(A) (1955).

3S. P. Tsytko and Iu. P. Antuf’ev, J. Exptl-Theoret. Phys.
(U.S.S.R.) 30, 1171 (1956) [translation: Soviet Phys.—JETP 3,
993 (1957)7.

4L. Cranberg, W. P. Aiello, R. K. Beauchamp, H. J. Lang,
and J. S. Levin, Rev. Sci. Instr. 28, 84 (1957).

The modulated pulses are then analyzed in a multi-
channel pulse-height analyzer.

In the present work, protons were accelerated in the
University of Kansas Van de Graaff generator, sepa-
rated from the heavier hydrogen ions, passed through
an electrostatic analyzer, and allowed to bombard thin
targets. The electrostatic analyzer was a 1-meter radius,
127-degree deflection unit used as a relative instrument.
It was calibrated by observation of the gamma reso-
nance at 992-kev proton energy® in the aluminum yield
curve. Linearity between the voltage across the ana-
lyzer gap and the generator voltage was verified by
observation of many of the resonances in this same
yield curve.

The thin targets were prepared by evaporation onto
outgassed tungsten disks in a radio-frequency induction
vacuum furnace.® Ultra-high purity silicon” was used
to form targets of several-kev thickness. Several silicon
targets, calibration targets, and a viewing disk of
quartz were simultaneously mounted in a multiple-
target chamber which was so designed that a 3 in.X3 in.
NaI(Tl) gamma detector could be placed within 3 inch
of the disk being bombarded. A corona-reduction shield
surrounded the target chamber.

The method of varying the potential of the target
was identical to that developed by Cranberg ef al. but
a somewhat different system of pulse amplitude modu-

5R. O. Bondelid and C. A. Kennedy, U. S. Naval Research

Laboratory Report No. 5083, 1958 (unpublished).

8 R. A. Moore, L. W. Seagondollar, and R. B. Smith, Rev. Sci.
Instr. 30, 837 (1959).

7 Hyperpure Silicon, Semiconductor Grade I, was purchased
from Pigments Department, E. I. Du Pont De Nemours & Co.,
Wilmington, Delaware. Impurities were only a few parts per
billion.



