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Independent and cumulative yields of about 50 rare-earth nuclides produced in the interac-
tion of 28-GeV protons with uranium have been measured. Chain yields on the neutron-ex-
cess side of 8 stability were found to have the same mass dependence as in low-energy fis-
sion, Based on the results obtained in the present study and with the aid of the published Cs
isotopic distribution, charge-dispersion curves at A~ 147 and A= 170 were constructed. The
curve at A~ 147 has two maxima, one on the neutron-deficient and one on the neutron-excess
side of B stability, separated by a deep valley; the curve at A= 170 has a single peak on the
neutron-deficient side of B stability. Corrections were made for feeding and depletion of var-
ious mass chains by a decay. Total isobaric yields were determined for 11 mass numbers
between A =143 and A=171. On the basis of these results and published data at lower masses,
a mass-yield curve was constructed. The apparent constancy of the neutron-deficient yields
between mass 143 and mass 171 is consistent with the yield pattern of a spallation-like
process. Over the mass range 50 <A <160, binary fission and spallation cannot account for
all the observed yields. Other processes must be partially responsible for the production of

these nuclides, especially at the lower masses.

I. INTRODUCTION

Interactions of uranium nuclei with protons in
the GeV energy range have been the subject of a
number of investigations by radiochemical, mass-
spectrometric, track-detector, and counter-tele-
scope techniques. In the present study cross sec-
tions for the formation of a large number of rare-
earth nuclides in the interaction of 28-GeV pro-
tons with uranium were determined by radiochemi-
cal techniques in order to characterize the product
distribution in charge and mass in the region 140
<A<1170.

This work was undertaken because very little
was known about formation cross sections for pro-
ducts with A >140. In the mass region just below
A =140, a study in this laboratory® had revealed
that the charge-dispersion (CD) curves are double-
humped at proton energies of 31 GeV, with a val-
ley near the line of g stability. This observation
has been corroborated for the mass region 120< A
<140 by a number of investigators.?™® At lower
masses the CD curves were found to be somewhat
asymmetric but without clear evidence of two
maxima.5"*

The existence of two maxima in the CD curves
suggested® that the dominant mechanisms respon-
sible for the formation of neutron-excess products
may differ from those giving rise to most of the
neutron-deficient products. The neutron-excess
species appeared to have all the characteristics
of low-deposition-energy fission products, where-
as the neutron-deficient products were interpreted
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as resulting from events with higher deposition
energies. Subsequent recoil studies® 15 16
strengthened these conclusions. It should be not-
ed, however, that the CD curves in the region
120< A <140 have peak-to-valley ratios of only

~2 and that the two components cannot be cleanly
resolved. It was thus clearly desirable to extend
CD studies to higher masses, where the maxima
might be more distinctly separable. Furthermore,
CD data in different mass regions are needed for
the construction of a mass-yield curve. The pres-
ent study of rare-earth yields was therefore under-
taken. Because of the complexity of the product
mixtures it proved necessary to isolate many in-
dividual nuclides by a combination of chemical

and mass separations.

While this research was in progress, another
study of rare-earth nuclides produced in 28-GeV
proton interactions with uranium was published.!”
The latter work was done without mass separation,
which may account for some of the discrepancies
between the two sets of data (see Table II below).

II. EXPERIMENTAL

A. Irradiations

The irradiations, varying in length from 10 min
to 3 h, were performed in the circulating proton
beam of the Brookhaven alternating-gradient syn-
chrotron. Approximately 10'® protons/min inter-
acted in the target. Each target consisted of a
0.002-in.~thick uranium foil, cleaned in nitric
acid and sandwiched between two stacks of three
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0.001-in. aluminum foils. After irradiation, a
3-in.-diam circle was punched out of the foil stack.
The uranium disk and the central aluminum disk

of each of the two Al stacks were weighed in order
to determine the relative numbers of uranium-and
aluminum nuclei irradiated. The 2*Na activity pro-
duced in these aluminum foils by the reaction

27A1( p, 3pn)**Na was later measured and served

to monitor the proton beam intensity.

B. Chemical Separations

The uranium foil was dissolved in a small vol-
ume of concentrated HCI containing the appropriate
rare-earth carriers. A few drops of concentrated
HNO, were added and the mixture heated to ensure
the complete dissolution and oxidation of the urani-
um. Separation of the rare earths from the U was
accomplished by eluting the lanthanides through a
Dowex 1X8 column with 12 N HC1. The rare
earths were further purified by a sequence of fluo-
ride and hydroxide precipitations. Then one of two
types of column procedures was used. In one case
the rare-earth hydroxides were dissolved in dilute
HCI1, loaded onto a column of Dowex 50W X4 or
X 12 cation-exchange resin and eluted with a-hy-
droxyisobutyric acid. In the other case reversed-
phase partition chromatography was used; the
rare-earth hydroxides were dissolved in lactic
acid, loaded onto a column packed with di-(2-ethyl
hexyl)-orthophosphoric acid and siliconized kiesel-
guhr, and eluted with HC1. The column size, res-
in specifications, concentration and pH of the
eluent, rate of elution, and temperature were
chosen for each experiment so as to optimize the
separation of the particular rare earth being stud-
ied.

C. Mass Separations

For the mass separation the oxalate of the rare-
earth group, or of the individual rare earth, was
converted to the oxide by pyrolysis at 900°C and
the oxide was introduced into the ion source of the
Brookhaven electromagnetic isotope separator.

A controlled stream of carbon tetrachloride vapor
was allowed to pass through the heated sample to
transform the oxides into volatile chlorides in sifu.
The chlorides were ionized inside the ion source
and the ions accelerated and mass analyzed. The
mass-separated samples were collected on 0.001-
in.-thick pure aluminum foil at the empirically de-
termined focal plane. The individual mass strips
were mounted for radioactivity assay.

In order to measure the absolute cross sections
it was necessary to determine the over-all yield
of each product. When only chemical separations
were performed, the yields of individual rare

earths in each sample were determined by x-ray
fluorescence after completion of the radioactivity
measurements. When mass separation followed
chemical separation, the over-all yield of the ele-
ment in question was determined by neutron activa-
tion analysis on an appropriate stable isotope (ex-
cept in the case of Pm). The relative intensities
of a suitable y ray in sample and standard were
compared by means of a Ge(Li) detector. The
amounts of carriers used were chosen to avoid
sputtering losses at the mass positions of the
stable isotopes. This problem as well as possible
mass-discrimination effects and other aspects of
the isotope separation are discussed in Appendix
A. Since promethium (Z =61) does not have any
stable isotopes, a known amount of *"Pm tracer
was added before the chemical and mass separa-
tions and the mass-separated 147 strip was finally
assayed on a proportional counter to give the over-
all yield of all the promethium isotopes.

D. Radioactivity Measurements

The radionuclides investigated are listed in Ta-
ble 1,'8-% along with the specific radiations detect-
ed, their abundances, and the detection method
used. Each sample was measured over a suffi-
cient length of time to establish that it decayed
with the proper half-life. The decay curves were
analyzed by means of the CLSQ computer program?®®
in order to obtain the end-of-bombardment or
time -of -separation activities and their standard
deviations.

The efficiency-vs-energy response curves of the
Ge(Li) and NaI(T1) y-ray detectors were deter-
mined with National Bureau of Standards and Inter-
national Atomic Energy Agency standards. The
efficiencies of the thin Nal detectors for x rays
were determined with calibrated sources®® of 3!Cs
and 2*!Am. The efficiencies of the end-window pro-
portional counters for g particles were taken from
previous work in this laboratory. It is worth not-
ing that, except for the cases of ***Er and "Tm,
all B measurements were done on essentially
weightless samples resulting from the isotope sep-
aration and that the 8 end-point energies (again
with the exception of *°Er) are all >0.5 MeV. The
efficiency of the Si o detector was determined with
a calibrated 2*!Am source.

III. RESULTS

The activities at end-of-bombardment or at sepa-
ration time were converted to disintegration rates
by use of the radiation abundances (given in Table
I), counting efficiencies, and chemical yields. In
addition, for many of the nuclides measured via
X or y rays, it was necessary to apply corrections
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TABLE I. Relevant properties of nuclides measured. Unless otherwise noted, the properties were taken from Ref, 18,

Radiation measured Method of Mass
Nuclide Half-life keV) Abundance detection 2 separation
3ce 33h B 1.00 Prop. +
43pm 265 day v (742) 0.385P Ge, Nal +
44pm 365 day v (474) 0.45 Ge +
v (615) 0.99 Ge
v (696) 0.99 Ge
14585m 340 day X ray 1.39 Thin Nal
v (61) 0.13 Ge
U5gy 5.93 day® X ray 0.786¢ Thin Nal +
v (654) 0.104 ¢ Ge, Nal
v (894) 04754 Ge, Nal
146pm 2020 day © v (453) 0.63f Ge, Nal +
v (736) 0.23f Ge, Nal
v (747) 0.36f Ge, Nal
Uy 4.65 day? X ray 0.786 ¢ Nal +
v (634) 0.77 Ge, Nal
v (747) 1.00 Ge, Nal
1464 48,27 dayP UeEy +
1IN 11,1 day B 1.00 Prop. +
v (91) 0.28 Ge
UWiEy 24 day v (122) 0.20 Ge +
v (198) 0.24 Ge
Uigq 38,06 h8 X ray 0.92¢ Thin Nal ¥
Uspm 54 day B 1.00 Prop.. +
148m pm 42  day B 0.93 Prop. +
v (550) 0.95 Ge
UEy 54 day v (550 +553) 1.16h Ge +
¥ (630) 0.711 Ge
18G4 84 yr « (3180) 1.00 si +
149Nd 1,73 hi B 1.00 Prop. +
v (114) 0.18 Ge
149Pm
49pm 53,1 h B 1.00 Prop. +
v (286) 0.026° Ge
gy 93.1 dayP X ray 0.765°¢ Thin Nal +
v 277 0.0336" Ge
v (328) 0.0391P Ge
5G4 9.25 day P v (150) 0.48 Ge +
149m 41 h a (3990) 0.226 4 si +
150pm 2.7 h B 1.00 Prop. +
‘ v (334) 0.71 Ge
150gy 12.6 h 8 0.90 Prop. +
150m Fy 5 yr X ray 0.77°¢ Thin Nal +
151pm 28 h B 1.00 Prop. +
v (340) 0.21 Ge
1514 120 day v (154) 0.05771 Ge +
v (175) 0.02737 Ge
151h 18 h v (108) 0.35 Ge +
v (252) 0.35 Ge
v (288) 0.32 Ge
152Ey 12,7 yr B 0.28 WL Prop. +
152m fy 9.3 h B 0.77 Prop. +
153gm 46.8 h B 1.00 Prop. +
v (103) 0.28 Ge
1531 56,2 hP X ray 1.040 Nal +
v (212) 0.30 Ge
153Gd
1565m 94 h B 1.00 Prop. +
156 gy 15.4 day B 1.00 Prop. +
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TABLE 1 (Continued)

Radiation measured Method of Mass
Nuclide Half-life (keV) Abundance detection 2 separation
157gy 15.2 h B 1.00 Prop. +
v (64) 0.186 k Ge
v (413) 0.23k% Ge
159Gd 18h B 1..00 Prop. +
1611y 6.9 day B 1.00 Prop. +
165py 10.3h X ray 0.76 Thin Nal +
1657 m 30.1h v (243) 0.451 Ge +
1667 m 7.7h v (184) 0.168™ Ge +
1e6yh 56.7h™ 166 m +
16TTm 9.25 day " v (208) 043 Ge +
1687y 93.1 day?° v (80) 0.115P Ge
v (184) 0.17P Ge
v (198) 0.52P Ge
19y 9.4 day B 1.0 Prop.
169yp 31.8 day v (198) 0.35 Ge
1691y 34 h v (191) 0.1749 Ge +
v (965) 0.209 Ge
110 128.6 day T 8 1.00 Prop.
v (84) 0.033 Ge
101y 2.05 day v (84) 0.095°% Ge +
17051£ 15,92 ht 1101
My 8.22 day v (741) 046" Ge +
tiyf 12.1ht M1y
121y 6.7 day v (182) 0.227 Ge
v (810) 0.15" Ge
v (901) 0.29V Ge
v (1095) 0.67V Ge

2 The symbols used in this column have the following
meanings: Prop., end-window flow proportional counter;
WL Prop., windowless proportional counter; Ge, Ge(Li)
detector; Nal, 3-in.x 3-in. NalI(Tl) detector; thin Nal,
2-mm-thick NaI(T1) detector; Si, silicon surface-bar-
rier detector; when a nuclide was detected via the radi-
ations of its radioactive daughter, the symbol of the
daughter is listed.

b Reference 19.

¢ Reference 18; appendixes.

d Reference 20,

€ Reference 21,

f Reference 22.

g Reference 23,

h Reference 24.

for loss of counting rate in the photopeak due to
summing with coincident radiation (particularly
important for the summing with K x rays). These
corrections, determined with the aid of photopeak-
and total-efficiency curves for the detectors used,
required detailed consideration of the decay
schemes. Most of the correction factors turned
out to be between 1.00 and 1.10, but in a few in-
stances the factors were as large as-1.3.

Cross sections were obtained from the disinte-
gration rates at separation or end-of -bombard -
ment time in the manner described in Ref. 1.

i Reference 25.
J Reference 26.
k Reference 27.
1 Reference 28.
m Reference 29.
o Reference 30.
° Reference 31.
P Reference 32.
4 Reference 33.
I Reference 34,
$ Reference 35,
t Reference 36,
U Reference 37.
¥ Reference 38,

For the cross section of the monitor reaction
2TA1( p, 3pn)**Na, the value 8.6 mb taken from Cum-
ming’s*! smoothed excitation function was used.
To calculate cross sections for the independent
formation of nonshielded nuclides, corrections
for growth and decay durihg irradiation and up to
the time of parent-daughter separation-were ap-
plied as in Ref. 1. The effective separation time
for column separation procedures was obtained by
a method described elsewhere.*

Corrections for losses from the target foil by
recoil were estimated from Bichman’s data!” to



2206 CHU, FRANZ, FRIEDLANDER, AND KAROL 4

be 1.5% for neutron-deficient and 4.0% for neutron-
excess products. These values were used over
our entire mass range, although the corrections
should probably be even smaller at the high-mass
end.

The contributions to measured activities from
low-energy secondaries produced in the target had
to be taken into account. The only products for
which these contributions are significant are the
24Na in the Al monitors and the neutron-excess
fission products. In a separate experiment®® the
2¢Na production by secondaries was determined
by measurement of the ®*F/?*Na ratio in a stan-
dard Al-U-Al foil stack as compared with the
same ratio in a pure Al stack. The data indicate
a secondary contribution of ~13% to ?*Na produc-
tion from 100 mg/cm? of U target, approximately
three times the effect at 3-GeV proton energy.**

In another series of experiments,*® the correc-
tions for the neutron-excess fission products pro-
duced by low-energy secondaries were determined.
Based on the assumption that secondary effects
are negligible for neutron-deficient products,
yield ratios of neutron-excess to neutron-deficient
nuclide pairs from five elements (Sr, Pd, Ba, Nd,
Sm) were measured for three different thickness-
es of uranium targets bombarded with 28 -GeV pro-
tons. The secondary effect was found to increase
with mass of the product up to A =140, but to be
approximately constant at ~30% per 100 mg/cm?
in the Ba to Sm region. Under the assumption
that this effect is linear with target thickness, cor-
rections of ~25% were therefore applied to the
cross sections for all the neutron-excess products
in the rare-earth region. )

The uncertainty (standard deviation)to be as-
signed to each cross-section measurement was
arrived at by root-mean-square combination of
the various individual sources of error (even
though some of them may be systematic rather
than random), which are as follows: counting
statistics and decay curve analysis (mostly <5%,
in a few instances up to 25%); counting efficien-
cies (5-10%); photopeak summing correction (un-
certainty estimated as 25% of the correction, i.e.,
0-1%); chemical yield determinations (3-5%); sec-
ondary contribution to ?*Na in monitor (2%); sec-
ondary contribution to neutron-excess yields (5%);
recoil loss (1-2%); separation-time uncertainty
(0-15%).

When several determinations of a cross section
were made, the weighted average was obtained by
weighting each individual value by the inverse
square of its assigned standard deviation ¢;. These
weighted average cross sections are listed in Ta-
ble II, column 4. The uncertainty shown is either
the average deviation A of the individual results

from the weighted average or the value o obtained
from 1/0%=}7(1/0,%), whichever is larger. When
only a single determination was done, its o; value
is given. The number of determinations is shown
in column 6. Column 2 identifies each cross sec-
tion as independent (I) or cumulative (C). In col-
umn 3 the distance from the line of 3 stability
along an isobaric chain (Z, - Z) is given for each
product. The manner in which the Z, values were
chosen is discussed in Sec. IV below and in Appen-
dix B.

In the last column of Table II, the measured
cross sections from Ref. 17 are listed for com-
parison. The ratios of the cross sections deter-
mined in the present work to those reported in
Ref. 17 range from 0.3 to 8.5, and for 9 out of the
21 nuclides determined in both studies the two val-
ues differ by more than a factor 2. In view of
these discrepancies it is remarkable that Bich-
mann'” was able to arrive at conclusions about CD
and mass-yield curves that are at least qualitative-
ly similar to those reached on the basis of the
present data.

IV. DISCUSSION

For a complete description of the yield surface
in a given region of A and Z one needs to know the
independent formation cross section of every nu-
clide in that region. Such information is, of
course, not available from the present study in
the rare-earth region. Nevertheless, under the
assumption that the yield surface is smooth, its
major features will be deduced from the data at
hand by considering cuts through the surface along
lines of constant A (CD curves).

Charge Dispersion

A CD curve is defined as a plot of cross sections
for independent formation of the isobars at a given
A vs atomic number Z (or some function of Z).

In practice, it is rarely possible to obtain a suf-
ficient number of independent formation cross sec-
tions for complete delineation of CD. As in pre-
vious investigations” we therefore (a) combined
results from several neighboring mass chains and
(b) used cumulative yields to aid in delineating the
distributions.

In order to combine cross-section data from
several mass chains into a single CD curve it is
necessary to make corrections for any mass-yield
variations. Our approach will be to use published
mass-yield data as a starting point. Once the CD
curves in several mass regions have been con-
structed, they will then be used to obtain improved
mass-yield data.
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TABLE II, Summary of measured cross sections,

Type Cross Type
of section of Number of Previous

Nuclide yield? Z,-Z (mb) error determinations results P
3ce (o} +2.27 7.07+0.92 o 1 6.8 £0.5
143pm C -1.63 4,68 0,42 o 1 0.55+0.05
pm I -1.31 0.55+0.03 I 2

1458m 1 -1.66 0.93+0.08 o 4

W5 gy C -2.71 5.,93+0.83 © A 5 4.00+0.35
46pm I +0.37 0.37+0.07 A 2

U6y I -2.15 1.45+0.34 A 2 0.87+0.07
18G4 C -3.38 5,17 +0.34 A 2 5.06 +0.40
4INd c +1,57 3.31+0.29 A 3 1.7 +0.17
Wigy I -1,79 1.11+0.15 A 5 0.30+0.03
11gq [o} -2.74 4,74 +0,50 A 4 3.05+0.25
18pm I +0.87 0.0154 £0.0047 A 2 0.004 +0.001
148mppy I +0.87 0.221+0.022 o 2 0.17+0.02
8y I -1.13 0.66+0.03 o 3 0.48+0.10
1484 c -2.38 7.08+0,78 o 1

45Nd C +2.12 1.93+0.15 I 1

49pm C +1.12 2.04 0,34 A 5 0.48+0.05
49ppy I +1.12 0.347+0.112 A 2

W Ey I —-0.88 0.56£0.05 A 3 0.08+0.02
gd C -1.89 6.46+0,95°¢ A 5

149m c -3.09 1,75+0,14 ¢ o 2 3.60+0.8
150pm I +1.44 0.193+0.015 o 1

150y 1 -0.56 0.0074 +0.0011 I 1 0.02+0.05
150m oy 1 -0.56 =0.034 1

151pm c +1,67 0.85+0.10 A 3 0.24 +0.04
151gd I -1.33 1.23+0.12 o 2

1517p C -2.33 3.36+0.22 A 2 4,51+0.5
152y I -0.04 =0.38 1

182m gy I —-0.04 0.028 +0.003 v 1

1535m c +1.23 0.53+0.053 A 4 0.46+0.08
183 C -1.77 6.15+0.44 A 2

1565 m C +2.20 0.130 £0.049 A 2 0.22+0.05
156 gy 1 +1.16 0.090 £0.021 o 2 0.28 +0.04
157Ey c +1.52 0.106+0.017 A 2 0.20+0.03
159Gq o) +1.21 0.064 £0.009 o i

1617 c +0.91 0.054 £0.007 o 1

165gp I -0.65 0.063+0.046 o 1

165Tm C -1.65 4,70 £0.26 A 4

166 m I -1.27 0.142 +0.,046 o 1

166yp c —-2.30 4,91+0.48 A 3

167 m C -0.93 5.83+0.55 A 7

168Tm I -0.55 0.036 +0.0055 A 2

169y o] +0.78 0.0044 +0.0016 A 3

169yp c -1.22 6.88£0.47 o 1

1691y [¢ -2.22 6.82+0.41 o 3

170, I +0.16 0.0075+0.0020 A 2

10y 1 -1.84 0.544 0,089 9 3

17057£ o] —2.87 4480524 3

M1y I -1.50 0.034+0.041 4 5

ipge c —-2.50 6.50 £0.50 ¢ 5

1214 I -1.11 0.079+0.022 A 3

2 C denotes cumulative yield, I denotes independent yield,

b Reference 17, Note that Bfichmann’s cross sections for Pm are only relative,

¢ The 45Eu cumulative yield given was obtained by subtracting from the measured yield the contribution of the 149mTh
a branch, The 4Gd cumulative yield quoted includes the 14 Th cumulative yield. The 4-min 1#9¢ Th decays 99.97% by
electron capture to 14Gd. v

dBoth the cross sections and errors for the "'Lu-1"Hf and 1"'Lu-1"'Hf pairs were derived from data taken on several
Lu samples with various Lu-Hf chemical separation times by using the weighted least-squares technique.
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Figure 1 is a mass-yield curve for interaction of
uranium with 28 -GeV protons constructed from
published data.® 17 Although some of the final
results for mass-yield values in the rare-earth
region arrived at in this paper differ substantial-
ly from those given by Bachmann'’ (see next sec-
tion), this has little effect on the over-all shape
of the curve and is of negligible consequence for
the mass corrections to the CD curves.

As will become apparent in the discussion of the
A =147 CD curve, it is important to know the mass
dependence not only of total formation cross sec-
tions, but also of the contributions on the neutron-
excess and neutron-deficient sides of B stability.
Our data for cumulative cross sections on the neu-
tron-excess side are shown in Fig. 2. They drop
off very rapidly with increasing A, in very much
the same manner as the cumulative yields ob-
tained in fission of uranium by low-energy par-
ticles.*®* The decrease in neutron-excess cumu-
lative yields from A =143 to A =150 (the range
used for the construction of our CD curve at A
=147) completely accounts for the drop-in the total
mass yields (Fig. 1). Thus the neutron-deficient
yields in this region are virtually constant with A.

In the region 165 <A <172 (used for construction
of a CD curve at A =170) the yields of neutron-ex-
cess products (Fig. 2) contribute negligibly to the
total yields, and the yields of neutron-deficient
products show no significant variation with mass
(cf. Table II). No mass-yield corrections are
therefore necessary in the construction of this
CD curve.

A further problem that arises in constructing
CD curves from data spanning several mass num-
bers is the choice of an appropriate abscissa. In
previous papers on charge dispersion” N/Z has
been used. As pointed out by Hogan and Sugar-
man,*” this can lead to distortions of the curves
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FIG. 1. Portion of mass-yield curve for the interac-
tion of 28-GeV protons with uranium based on published
data (Refs. 8, 11, 17).
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when data from several mass chains are used.
Also, as will be shown, shell structure may have
a significant effect on the shapes of CD curves in
the rare-earth region, and N/Z is not a suitable
parameter for displaying such effects. In the
present paper all CD curves are therefore plotted
with Z, —Z as the abscissa, where Z, is the Z val-
ue at the minimum of the appropriate mass parab-
ola for mass number A. The Z, - Z values used
were obtained from the mass table of Garvey et
al.®® in a manner described in Appendix B.

The cross sections for products with 143 < A
<150 and 165 < A <172 listed in Table II were
used to construct CD curves for A =147 and A=170.
The data in the 147 region are shown in Fig. 3.
The open circles represent the independent-forma-
tion cross sections, filled circles the cumulative
ones. According to the above discussion, neu-
tron-excess yields for A > 147 must all be in-
creased by applying the A dependence of neutron-
excess cumulative yields illustrated in Fig. 2.

The resulting cross sections are shown as open
squares in Fig. 3. No such readjustment is re-
quired for independent-production cross sections
of neutron-deficient nuclei with A # 147 in the range
143-150, since the neutron-deficient cumulative
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FIG. 2. Cumulative yields of the neutron-excess rare-
earth nuclides. The points are measured values from
this work. The dash-and-dot curve is from 14-MeV neu-
tron fission of uranium (Ref. 45). The dashed and the
solid curves are from 32- and 150-MeV proton fission of
uranium, respectively (Ref. 46). All three curves are
normalized at the measured A =147 point.
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yields are essentially independent of A as de-
scribed earlier.

As seen in Fig. 3, even the entire ensemble of
measured independent yields over the mass range
144-150 defines only the central region of the CD
curve. The magnitudes of the cumulative yields
make it clear, however, that there must be maxi-
ma on both sides of the valley near Z =Z, defined
by the independent yields. Unfortunately the shapes
and positions of these peaks cannot be uniquely de-
termined from the cumulative yields. Data on in-
dependent yields far from B stability would be high-
ly desirable for this purpose, but such data are
not presently accessible in the rare-earth region.

The most complete set of independent-formation
cross sections including those far from B stability
was obtained by Chaumont,® who used on-line mass
spectrometry to measure the isotopic distributions
of Cs and Rb nuclides formed in 24-GeV proton in-
teractions with U. These data are shown in Fig. 4.
The heaviest Cs isotope measured, *Cs, is in the
mass region under discussion and will be used to
help define the neutron-excess wing of the A =147
CD curve. Furthermore the rates of drop-off on
the far wings of the Rb and Cs distributions are so
rapid and so nearly the same that they can presum-
ably serve as a guide for the rate of drop-off in
the rare-earth region also. For this purpose the
Cs isotopic distribution must be transformed into
a CD (or isobaric distribution) by changing the ab-
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FIG. 3. Independent and cumulative yields for the mass
range 143 <A <150. The open squares for 148:149.150pp,
have been corrected to A =147 for mass-yield variation,
as discussed in the text. The Z, —Z values at which
points are plotted are the Z , —Z ¢ values discussed in
Appendix B.

scissa from A to Z, —Z and making the appropri-
ate corrections for mass-yield variation in the A

‘range 119 to 144. The procedure is described in

detail in Appendix C and the resulting “CD curve
at A=131" is shown in Fig. 5. The two curves
plotted are based on two quite different sets of
mass-yield corrections discussed in the Appendix.
As is evident from Fig. 5, the shapes of the wings
are quite insensitive to the details of these correc-
tions. (This is not surprising since the drop-off
at the wings is determined by only three or four
neighboring mass points.) The “CD curve at A
=131” in Fig. 5 differs substantially from the one
previously inferred from much more limited data.”
In particular, the new curve has an appreciably
steeper slope on the far neutron-deficient side.

In addition, the effect of the N=82 shell (which is
reflected in the Z, —Z, but not in the N/Z repre-
sentation) leads to a shift of the neutron-excess
peak to the right in Fig. 5, as compared to the
curve of Ref. 7.

We can now proceed to complete the construc-
tion of the CD curve at A =147. In Fig. 6 the cen-
tral portion of the curve is identical with that in
Fig. 3, but the data points are omitted for clarity.
With the aid of the independent yield of *‘Cs from
Chaumont® (corrected to A = 147 by means of the
mass-yield curve in Fig. 2), the *’Nd cumulative
yield (which includes o,y for *'Nd and for all its
precursors, #"Pr, 'Ce, ¥'La, etc.), and the
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FIG. 4. Isotopic distributions of Cs and Rb from the
interaction of 24-GeV protons with uranium (Ref. 6).
The upper mass scale is for Cs isotopes, and the lower
for Rb isotopes.
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rate of drop-off beyond Z, - Z = 4.5 taken from
Fig. 5, the neutron-excess branch of the curve is
uniquely determined as shown in Fig. 6.

On the neutron-deficient side, there are signifi-
cant o branches for nuclides with N=84 and 85 and
they affect a number of the neutron-deficient cumu-
lative yields in this mass range. With the excep-
tion of *"Tb, no o emitters have been directly
measured in this work, because of their relatively
short half-lives. In order to estimate the magni-
tudes of these a contributions, a CD curve had to
be constructed first based on the measured but un-
corrected cumulative yields. The dashed curve in
Fig. 6 gives the best fit to these values, with the
slope on the far wing taken from Fig. 5. The first
estimate of @ contributions to four gadolinium cum-
ulative yields using this CD curve is given in col-
umn 6 of Table III. A second CD curve, based on
these corrected cumulative yields, is indicated as
dashed-and-dot curve in Fig. 6. The second esti-
mate of a contributions using the dashed-and-dot
curve is listed in column 7 of Table III. A third
iteration led to satisfactory convergence. The fi-
nal « corrections are given in column 8 and the
corrected cumulative yields in the last column.

The solid curve in Fig. 6 represents the final cor-
rected CD curve for A =147,

The independent and cumulative yields obtained
in the region 165 <A <172 are displayed in Fig. 7.
As expected from Fig. 2, the yields on the neutron-
excess side of B stability are extremely low.
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FIG. 5. Charge-dispersion curve for A =131 derived
from the Cs isotopic distribution from the interaction of
24-GeV protons with uranium (Ref. 6). See detailed de-=
scription in Appendix C. The abscissa is Z, —Z ¢ as
described in Appendlx B.

Based on the cumulative yield of !*°Er, one can set
an upper limit of about 5 ub for any neutron-ex-
cess contribution to.the CD in this mass region.
As mentioned earlier, no mass-yield correction
was applied to the data in this mass region. The
CD curve is nominally designated as applying at
A =170. The same procedure adopted for the con-
struction of the A =147 CD curve was used. The
slope on the far neutron-deficient side was again
taken from Fig. 5 and the height and width of the
peak were fitted to the seven measured cumulative
yields. The result is the solid curve shown in Fig.
8. No corrections for « contributions were made
because all known @ emitters in the heavier mass
range are at least six charge units away from the
B-stability line, and their contributions are there-
fore not significant. The solid curve in Fig. 8
gives the best fit to the experimental points and
the two dashed curves delineate the band of pos-
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FIG. 6. Charge-dispersion curve for A =147, The in-
dependent yield of #4Cs is taken from Ref. 6 (corrected
for the mass difference). The dashed curve was drawn
to match the measured cumulative yields. The dash-and-
dot and solid curves represent the successive approxima-
tions obtained when o decay was taken into account. The
solid curve was drawn so that the sum of the isobaric
yields reads off the curve approximate the final corrected
cumulative yields measured in this work.

O oxp (COTT) Ocurve

Nuclide (mb) (mb)
43pm 4,68+0.42 5.55

5gy , 5.93+0.83 4.52

464 4.46+0.34 3.80

1INg 3.31+0.29 3.31

14164 3.94+0.50 4.74

18G4 5.94+0.78 5.90

14564 5.58+0.95 6.00



| >

INTERACTION OF 28-GeV PROTONS WITH URANIUM... 2211

TABLE II. Corrections for a contributions to some cumulative yields.

a correction a correction «a correction

« ~emitting o Recipient Texp (first) (second) (final) Ocorr
nuclide Z,-z? abundance ® nuclide (mb) (mb) (mb) (mb) (mb)
150 -3.60 0.18 6gd 5.17 0.75 0.72 0.71 4.46
15ipy -3.33 0.06 147Gd} 0.25 0.25 0.24
1510 -4,33 0.25 1G4 4.74 0.41 0.54 0.56 3.94
1520 -4.,04 0.25 1‘“’Gd} 7.08 0.58 0.57 0.57 504
1525y —5.04 0.90 18G4 . 0.23 0.56 0.57 :
183gy -4.77 0.75 49Ggd e 6.46 0.40 0.82 0.88 5.58

2 The Z , values were obtained in a manner described in Appendix B.
b Values taken from Ref. 18.
¢ The entire a -contribution correction due to 3Er was applied to 14°Gd,

sible solutions.

The two mass regions discussed were chosen
for the construction of CD curves because they
contained the most complete sets of data points.
Other CD curves could perhaps be inferred at in-
termediate masses. However, a comparison of
the curves at A=131, A=147, and A =170 suffices
to show the general trends with A. These curves
are plotted together in Fig. 9, the A =131 curve
being the same as the solid curve in Fig. 5 de-
rived from Chaumont’s Cs isotopic distribution.
The exact shape of this A =131 curve, particularly
in regard to the relative heights of the peaks on

10.0
I

5.0

T T TTTTIT

T IIIITTI

T

o (mb)

0.05

T IIIIIII

T

0.01

0.005

T IIIHI!

T !

I Tl ]
68 T %e 8169
W M, 8 BT

o, & w70
mi,““ 65

O INDEPENDENT YIELD
© CUMULATIVE YIELD

Pl Lol Lol NIRRT

-6

Z,-2

FIG. 7. Independent and cumulative yields in the mass
range of 165 <A <172, The Z,~-Z values used are the
Z 4 —Z o5 values as discussed in Appendix B.

the neutron-excess and neutron-deficient side, is
uncertain because of the problem of making the
mass corrections (see Appendix C). The CD
curves for A=~ 147 and A= 170 are the same as the
solid curves in Figs. 6 and 8, respectively. Their
neutron-deficient wings are not as uniquely defined
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FIG. 8. Charge-dispersion curve for A~170. The sol-
id curve was drawn so that the sum of the isobaric yields
reads off the curve approximate the measured cumulative
yields. The two dashed curves delineate the band of pos-
sible solutions.

Oexp Tcurve

Nuclide (mb) (mb)
16Tm 4.70%0.26 5.81
166yp 4.91+0.48 5.42
81T m 5.83+0.55 5.82
165yp 6.88+0.47 5.67
1691 6.82+0.41 5.52
110g¢ 4.48+0.,52 5.10
yg 6.50+0.50 5.58
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as these curves might suggest. There is a narrow
band around each curve encompassing possible so-
lutions as shown in Fig. 8. For all practical pur-
poses, the neutron-deficient peaks for these two
mass regions are quite similar, although their
positions on a Z, - Z scale appear to be significant-
ly different from that of the peak for A~ 131. The
rapid decrease of cumulative yields with increas-
ing mass shown in Fig. 2 is clearly reflected in

the vast difference in the neutron-excess wings.

In short, the CD curve changes from a double
hump with shallow valley in between (peak-to-val-
ley ratio <2) at A= 131 to a distinct separation of
two maxima (peak-to-valley ratio ~8) at A ~ 147 to

a single peak on the neutron-deficient side at A
~170. The CD curve at A =~ 147 shows the most pro-
nounced separation of the neutron-deficient branch
from the neutron-excess branch in a CD curve ob-
served to date.

Mass-Yield Curve

A number of isobaric yields were evaluated
based on the results obtained in the present study.
In addition to the measured independent and cumu-
lative yields corrected for a contributions or a
depletions (see Table III), other independent yields
were needed in some mass chains to give the total
isobaric yields. However, in most of these chains,
the measured cross sections represent more than
90% of the total isobaric yield. For example, at
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FIG. 9. Charge-dispersion curves for A ~131, A ~ 147,
and A~170. The abscissa is Z 4 —~Z ¢ as discussed in
Appendix B,
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A =147, only the independent yields of *’Pm and
14"Sm were not measured. From Fig. 3 these are
found to be 0.44 and 0.30 mb, respectively. To-
gether with the measured independent yield of
47Eu and the cumulative yields of *'Nd and *'Gd
(the latter corrected for « feeding) these values
lead to a total isobaric yield of 9.1+1.0 mb.

For mass chains other than 131, 147, and 170,
interpolation between data at two of these masses
was necessary. For nuclides on the neutron-ex-
cess side of the valley, this was done with the aid
of Fig. 2, for others by means of the CD curves
of Fig. 9. For example at A =151, the yield of
1519m was estimated as follows: The value corre-
sponding to the Z, = Z ¢; of '5!Sm was read off the
A =147 CD curve (Fig. 6) and was corrected for
the mass difference between 147 and 151 by the
neutron-excess mass-yield curve in Fig. 2. The
151py yield was obtained by linear interpolation be -
tween the A =147 and A =170 CD curves (Fig. 9) at
the appropriate Z, - Z.¢; value. As seen in Table
IV, these two interpolated yields contribute only
0.38 mb to the total isobaric yield of 6.62+0.50
mb for A=151. The same procedure was used at
A =143, 149, and 153, with the nonmeasured yields
contributing 13, 3, and 5%, respectively, to the
total isobaric yields.

For A =165, no mass-yield corrections were
made in estimating the missing independent yields.
These cross-section values were read off directly
from the A= 170 CD curve, and they amount to only
1% or less of the isobaric chain yields. '

The new data for isobaric yields, together with
literature values for other mass regions, are list-
ed in Table V. In Fig. 10, a new mass-yield curve
for the interaction of 28-GeV protons with uranium
is drawn on the basis of these data (solid curve).
For comparison, the portion of the mass-yield
curve based on literature values alone (Fig. 1) is

TABLE IV. Measured and interpolated cross sections

at A=151,
Type of o
Nuclide yield? Z 4y~ Z g4 (mb)
BSipm C 0.85
1515m I +0.67 0.09)
151fy I -0.33 ©(0.29)
151Gd 1 1.23
15iTh C 4.16¢

2 C denotes cumulative yield, I denotes independent
yield,

b Values in parentheses are interpolated, the others
are measured.

€ 0.8 mb has been added to the measured value of 3.36
mb to take account of & depletion of 151Dy and 1*1Ho (see
Table III).
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shown also as the long-dashed curve. The two
curves differ very little and only for A3 137.

Since the only direct use made of the curve of Fig.
1 was in the transformation of the Cs isotopic dis-
tribution to a “CD curve at A =131” and there only
for 131 <A <137 (see Appendix C), the results
would not have been different if the new mass-
yield data had been used.

The rather pronounced structure of the mass-
yield curve makes it tempting to discuss it in
terms of reaction mechanisms that may contribute
to the yields in different mass regions. The broad
peak in the region 50<A <160 is almost certainly
associated with a binary-fission process. From
measurements with mica track detectors?®® the bi-
nary-fission cross section of uranium with 29-GeV
protons is known to be 668+ 34 mb. Although.the
mass distribution in binary fission of uranium has
not been measured at this energy, it is safe to as-
sume that it is essentially confined to the region
50< A< 160 as has been established by counter co-
incidence measurements at 2.9-GeV bombarding
energy.’® The integrated area under the curve of
Fig. 10 over this mass range is 2.25+0.15 b. Sub-
tracting twice the binary-fission cross section
from this value leaves 0.91+ 0.15 b to be accounted
for by other processes.

It turns out, perhaps somewhat fortuitously, that
the trapezoidal area bounded by the dot-dashed
lines in Fig. 10 corresponds to a cross section of

TABLE V. Isobaric cross sections for the interac-
tion of 28-GeV protons with uranium,

Cross section

Mass number (mb) Reference
21 38 =3 a
38 15.3+1.0 a
48 14.9+1,5 b
72 16.5+1.7 c
83 28,3+2.0 a

109 27.2+3.5 d
131 23.5+2 a
143 13.5+1.5 e
147 9.1+1.0 e
149 84+14 e
151 6.6+0.5 e
153 8.0+0.6 e
165 4.8+0.3 e
166 51+0.,5 e
167 5.8+0.6 e
169 6.9+0.5 e
170 5.1+0.6 e
171 6.6+0.6 e

2 Reference 11,

by.Y. Chu, unpublished, quoted in Ref. 7.
¢ 8. Kaufman, unpublished, quoted in Ref. 7.
d Reference 8.

¢ This work.

1.04 b, while the short-dashed curve, which repre-
sents the difference between the solid curve and the
dot-dashed line, encompasses 1.21 b or very near-
ly twice the binary-fission cross section obtained
with the mica technique.?® Whether or not the
dashed curve is an exact representation of the bi-
nary-fission yields, it cannot be grossly different,
and the conclusion is inescapable that the over-all
contribution to the mass range in question from
processes other than those registered as binary
events in mica is about 1 b and decreases with in-
creasing A.

The products in the region of A~ 170, with cross
sections of 5 to 7 mb per mass number, may well
be principally formed as spallation residues. - Ac-
cording to the general trends of spallation yields
of products far removed from the target;* one
would expect the spallation yields to drop or at
most stay constant with decreasing mass number.
This expectation is borne out by the essential con-
stancy of the chain yields on the neutron-deficient
side observed in the range 147<A<170. A flat dis-
tribution of spallation yields over the entire range
would account for ~0.5 b between A =50 and A =160,
leaving another 0.5 b to be ascribed to other mech-
anisms. More likely the contributions of process-
es other than those mentioned above should be
even larger.

It is worth noting that the cross section for pro-
duction of single, unpaired tracks in mica due to
the interaction of 29-GeV protons with U was found
to be 0.30 b.*® Some fraction of the 0.30 b is very
likely due not to spallation but to binary fission
with one partner below the recording threshold in
mica (as was found to be the case for most of the
single tracks at 3 GeV *°). The true cross section
for binary fission would then be somewhat larger
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FIG, 10. Mass-yield curve of 28-GeV protons inter-
acting with uranium. The long-dashed curve between
mass 137 and mass 153 corresponds to the mass-yield
curve from the same mass region in Fig. 1. The mean-
ings of the short-dashed curve and the dot-dashed lines
can be found in the text.
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than the measured 668 mb. The mass-yield dis-
tribution for processes other than binary fission
may then very well have a minimum or a depres-
sion in the fission peak region rather than a mono-
tonic decrease with increasing A.

It might be pointed out that the situation encoun-
tered here is not peculiar to uranium. In the in-
teractions of high-energy protons with lighter ele-
ments, where fission at very low deposition ener-
gies cannot occur, analysis of the mass-yield
curve into different high-deposition-energy mecha-
nisms may in fact be more clear-cut. Sufficient
information is not available at ~28-GeV bombard-
ing energy, but the 3-GeV data on Bi and Pb inter-
actions illustrate the point. Counter coincidence
data®? on 2.9-GeV proton interactions with Bi in-
dicated a symmetric mass-yield curve for binary
fission peaking at A =90 and going to zero at A ~40
and A= 150. Normalizing this curve to the cross
section for binary fission obtained with mica track
detectors*® one finds =5 mb for the peak fission
yield (at A=90). This accounts for essentially all
the radiochemically observed’ cross section in
this mass range (if one can use the radiochemical
data on Pb to compare with the counter data on Bi),
whereas at both lower and higher masses appreci-
able cross sections (~3 mb at A ~40 to 60, 5-6 mb
at A~120 to 140) are not accounted for by binary
fission. , Thus it is clear that the mass-yield curve
for all processes other than binary fission must
have a minimum just in the region of the fission
peak. The branch on the high-mass side can be
considered as due to high-energy spallation and
the magnitude of the integrated cross section is
in reasonable agreement with the production cross
section for single, unpaired tracks in the mica
experiment.

CONCLUSIONS

The results from the present study further sub-
stantiate the previous conclusion that different
mechanisms predominate in the formation of neu-
tron-excess and neutron-deficient products from
the interaction of 28-GeV protons with uranium.
The differences of the CD curves for A~ 131, A
~147, and A =170 shown in Fig. 9 clearly demon-
strate this point. The mass-yield pattern of the
neutron-excess products from this work is remark-
ably similar to that of low-energy fission as shown
in Fig. 2. The apparent constancy of the neutron-
deficient yields in the mass range between 143 and
171 is consistent with the yield pattern of a spalla-
tion-like process.

Over a wider mass range, however, the picture
is more complicated. The area under the mass-
yield curve for 50<A <160 can be accounted for

only in part by binary fission and spallation. The
contribution due to binary fission, though the ex-
act shape of its mass-yield curve is unknown,
corresponds roughly to the integrated area under
the broad peak with background of ~5 mb at A =160
and background ~14 mb at A =50. The spallation,
on the other hand, at best can have a constant
cross section of ~5 mb per mass number over this
mass range, leaving at least 0.5 b in cross section
not accounted for by, either process. In a recent
study of energy dependence of recoil properties of
products from U in the GeV region, Beg and Por-
ile® concluded that fragmentation (i.e., emission
of a light fragment such as 2*Na) is the chief mech-
anism for the production of neutron-deficient nu-
clides in the “fission” region at proton energies in
excess of 5 GeV. This provides a possibility to ac-
count for the cross section of 0.5 b due to “other
processes.” However, it also makes the distinc-
tion between “spallation” and “fragmentation”
processes among the neutron-deficient products
very difficult without studying their detailed prop-
erties. Based on the mass-yield distribution, the
contribution of fragmentation should be larger at
A~50 than at higher masses. Counter experi-
ments designed to look for the partners of light
fragments should be most useful in elucidating the
mechanism or mechanisms responsible for their
formation and their possible connection with the .
production of nuclides in the “fission product” re-
gion.
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APPENDIX A
Isotope Separation

The feasibility and limitations of the application
of radioactive-isotope separation to the study of
nuclear reactions have been discussed by Anders-
son and Rudstam®* and also by Klapisch.®®* The con-
venience of collecting a large number of nuclides
simultaneously and assaying isotopically pure sam-
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ples afterwards makes this technique very attrac-
tive. However, there are a number of factors to
be considered in applying it.

1. Over-all efficiency. The typical yield of 0.1
to 1% obtained with the conventional plasma-type
ion source is adequate to measure nuclides with
half-lives up to a few years and with production
cross sections of a fraction of a millibarn in this
experiment. The over-all efficiency can be deter-
mined after the mass separation by neutron activa-
tion of one of the stable isotopes of the carrier
added or by assaying the radioactivity of the trac-
er used.

2. Separation time. The shortest half-life that
can be studied by this technique is limited by the
time required to perform the chemical and mass
separations. When a cation-exchange column was
used to separate the neighboring rare earths, the
shortest time interval between the end of bombard-
ment and the beginning of radioactivity assay on a
mass-separated sample was several hours. The
isotope with the shortest half-life measured in this
work was °Nd (half-life of 1.7 h). The timing of
chemical separations and the duration of mass
separation in any particular experiment were de-
termined by the nuclides of interest in that experi-
ment.

3. Sample collection and cvoss contamination.
The samples were collected at an empirically de-
termined focal plane. This plane is at an angle of
30° to the ion beam direction at the median position.
The collector covers a mass range of +10% of the
median mass. The mass dispersion at mass 150
is 2 cm between adjacent masses. A typical sam-
ple size was about 4-5 mm in width and about 2-3
mm in height, depending on the electrostatic poten-
tial for the vertical focusing. Cross contamination

. from the neighboring isotopes was between 0.1%
and 1%. -

4. Sputtering loss and saturation loss. For ab-
solute cross-section measurement, it is impor-
tant to ascertain that all radioactive isotopes are
collected with the same efficiency as is the stable
isotope used for over-all yield determination. Ob-
viously any sputtering loss or saturation loss of
the yield-determining stable isotope will give er-
roneous results for the radioactive isotopes. No
distinction will be made here as to the mechanisms
of the sputtering and saturation processes. In or-
der to determine these effects, the following ex-
periment was performed. Mass separations of a
neutron-irradiated ytterbium sample were per-
formed, and varying amounts of the stable iso-
topes %8Yb (0.135%), '"Yb (31.84%), and Y¢Yb

" (12.73%) and of their neutron-capture products
169,175,177y} were collected. The separated stable
isotope samples were subjected to neutron irradi-

ation. The radioactivities of °Yb, '"*Yb, and
177Yb from these samples were then compared with
the corresponding activities colleécted in the sepa-
rator. If there were no losses, the three ratios
should be the same and, for sufficiently small
amounts collected, this constancy among the ra-
tios was indeed found. For example, with 50-keV
ion energy, and about 1-pA Yb* beam intensity, no
losses occurred up to amounts of ~50 pg/cm? col-
lected. Deviations became apparent beyond this
point. The amounts of carrier used in each ex-
periment were chosen so as to stay well below
this limit.

5. Mass discrimination. The widest mass span
in a single collection in this work was 8%. The
following experiment was carried out to check the
mass discrimination effect. A natural ytterbium
sample and '®Yb and !"°Yb samples obtained from
mass separation of natural ytterbium were irradi-
ated with neutrons, and the radiations of *°*Yb and
17Yb were assayed. It was found that the ratio of
16%yh to "Yb radioactivities was 2 to 3% higher in
the mass-separated samples than in the natural
ytterbium sample. This is in general agreement
with the extensive discussion of Anderson and
Rudstam.* It should be pointed out, however, that
the mass discrimination effect differs in each sep-
aration, depending on the specific conditions in the
ion source. In any event, the “inverse-square-
root-of -the-mass” law®® probably serves as a prac-
tical upper limit. No mass discrimination correc-
tion was applied to any of the measured cross sec-
tions.

APPENDIX B
Shell Effectsin Z , - Z

The mass data from Ref. 48 were used to evalu-
ate the Z, values needed in the present work. A
least-squares computer program was used to fit
the values of mass excess at different Z’s for a
given mass number to a parabola and also to de-
termine the charge Z, corresponding to the mini-
mum of the mass parabola. For even mass num-
bers, even-Z and odd-Z isobars were fitted to
separate parabolas. In principle, when the proton
number or the neutron number of the isobars
crosses a major shell, the mass data from either
side of the shell could be treated separately and
different Z, values were arrived at for the isobars
on opposite sides of the shell. For example, Fig.
11 shows a parabola determined by the mass-ex-
cess values of 57 <Z <62 for mass 147. The open
circles are the mass-excess values taken from
Ref. 48. The Z, value obtained from this parabola
is 61.57. For the isobars with Z > 63, the horizon-
tal deviations of the points from the parabola may
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be considered as the shell effects. For each such
isobar with a shell effect, a quantity Z.; was eval-
uated; it is the abscissa of the point on the parab-
ola with the same ordinate (mass excess) as the
isobar in question.

The shift from Z to Z,¢; is the same as the change
of Z, due to the shell effect, and it is more conven-
ient to evaluate Z . than to use a 'variable Z,. For
example, it is clear from Fig. 11 that the Z ¢ for
gadolinium is 64.3 instead of 64, and even larger
departures of Z ¢ from the nominal charge values
are found for higher Z’s. This is just another way
of saying that the Z, for these higher-Z isobars of
mass 147 (Z >63) shifts to lower values gradually
as the isobars are crossing the N=82 shell. The
Z.s¢ values obtained with this procedure for mass
147 are as follows:

Z 62 63 64 65 66 67 68
Z s 62.01 63.36 64.31 65.44 66.76 68.05 69.26

A note of caution should be added here. Since
the mass data available do not always fit the pa-
rabolas perfectly, care must be exercised if only
mass-excess points on one side and none around
the valley of the curve are used to define the pa-
rabola. Large uncertainties can be introduced
both in the position and the magnitude of the mini-
mum resulting in inaccurate Z .¢; values.

The Z, values obtained by fitting the mass parab-
olas are shown as points on a plot of Z,/A Vs A in
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FIG. 11. Mass parabolas for A =147 based on the
mass-excess data taken from Ref. 48.

Fig. 12. The Z, values from Coryell®” are shown
as solid curves for comparison. Double values of
Z, are shown for several mass numbers. These
are values based on mass-excess data on either
side of the shell. The scatter of the Z,’s on the
lower branch for 141 <A <147 is a reflection of
the difficulty in determining Z, values when only
mass-excess data on one side of the valley were
used. Clearly for A > 144, the values on the upper
branch should be used. Since the 82-neutron shell
occurs around the valley of the parabolas for A
=141, 142, and 143, the Z, values at these masses
are rather difficult to determine from either side
of the shell as shown by their departures from the
general trend of both branches.

APPENDIX C

Transformation of Cs Isotopic Distribution
to Charge Dispersion

In converting the isotopic distribution for cesium,
shown in Fig. 4, to a CD curve with specified A,
it is necessary to transform both the ordinate and
abscissa of each data point. The specified value
for A is chosen tobe 131 because: (a) it is the
center of the Cs isotopic distribution (119-144),
and (b) there already exists a sizable amount of
published recoil and yield data in the vicinity of
A=131.

The cross section for each Cs isotope must be
corrected according to the appropriate mass-yield
change in going from its A value in Fig. 4 to the
new value A=131. As mentioned in Sec. IV, the
similarity between the mass dependence of neutron-
excess yields formed by low-energy fission and by
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FIG. 12. Z, values. Points represent Z , values ob-
tained by fitting the mass-excess data (Ref. 48) to mass
parabolas and the solid curves are those of Coryell (Ref.
57). The two sets of points near A =120 were fitted to
data. below and above the Z =50 shell, respectively.
Similarly, the two sets of points for 141 <A =147 corre—~
spond to N<82 and N> 82, respectively.. The additional
discontinuity near 4 ~156.ascribed by Coryell toa sub-
shell'at Z =64 is not reproduced.in our analysis.
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high-energy interactions will be used to advantage
in correcting the Cs yields on the neutron-excess
side of B stability. For such nuclei with A > 140
there is little ambiguity in what one means by low-
energy fission as can be seen by how little the vari-
ious sources of data in Fig. 2 differ. The several
curves in the figure represent 14.8-MeV -neutron-,
and 32- and 150-MeV-proton-induced fission yields
normalized to our ¥’Nd cross section. The curves
at 32 and 150 MeV were chosen as defining fission
over a reasonable range of low energies. - The 14.8-
MeV neutron curve is included because it extends
to higher masses than the others and illustrates
how rapidly the fission yields vanish above A ~ 155.
The open circles are our data for the neutron-ex-
cess mass-yield curve derived directly from those
cumulative and independent cross sections listed
in Table II which contribute to products with Z, —
>0. Figure 2 may now be used to convert the neu-
tron-excess wing, arbitrarily set at A > 137, of the
Cs isotopic distribution into the neutron-excess
wing of the CD curve at A =131. At each Cs iso-
tope with A > 137, the yield is corrected by the
relative mass-yield change between A =131 and

the cesium mass in question as defined by the two
curves in Fig. 2. In this manner, a neutron-ex-
cess CD curve wing is developed for each of the
two representative low energies selected.

Construction of the extreme neutron-deficient
wing of the CD curve at A =131 necessitates a
mass-~yield curve for neutron-deficient products.
Such a distribution may be approximated by sub-
tracting the neutron-excess mass-yield distribu-
tion defined by Fig. 2 from the total mass-yield
distribution of Fig. 1. The residual distribution
for A <127 is a reasonable approximation for use
in considering only those neutron-deficient cesium
isotopes which are not produced by low-energy fis-
sion. This residual curve is then applied to the
neutron-deficient cesium yields in a manner equiv-
alent to that used for the neutron-excess products.

For the purpose of determining the central por-
tion of the A =131 CD curve from *®Cs to 13%Cs, it
was assumed that the mass-yield correction
changes from one characteristic of neutron-excess
products at **®Cs to one characteristic of neutron-
deficient products at !2®Cs. The procedure adopted
was to weight the mass-yield variation linearly
from one extreme to the other across the central
portion of the distribution. Of course, this proce-
dure does not give a unique definition of this cen-
tral portion but it provides a smooth connection
from one wing of the CD curve to the other and,
as it should, leaves the !3!Cs yield unchanged and
leads to only small corrections for the immediate-
ly adjacent points.
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The circular polarization P, of the 279-keV v ray in 2%*T1 and the 401-keV v ray in "As has
been measured using a Compton polarimeter and a current-measuring technique. The result
for 203T1 ijs P, =(2+5)X10 ¢, For ""As evidence for a nonzero circular polarization, P,
=(—0.6+0.2)X107%, is found. The role of the electron-capture bremsstrahlung in the case of

As is discussed.

I. INTRODUCTION

In a recent paper by Vanderleeden and Boehm!
(hereafter referred to as I) we reported on mea-
surements of the circular polarization of y rays -
from unpolarized radioactive nuclei. The cases
investigated were the 482-keV transition in !#!Ta
[P, =-(3.9+£1.2)X107®], and the 396-keV transi-
tlon in *Lu [P, =(6.3+1.0)x10-%]. The results
agree with recent findings of others,? and they
contribute to confirming the existence of a weak,
parity-nonconserving (PNC) nuclear potential, as’
predicted by the current-current theory of the
weak interaction.® The evidence for the PNC po-

tential is further strenthened by the results of
other recent experiments, namely (i) the detection
of a P,(cosf) term in the angular distribution of y
rays emitted by 1**Cd nuclei, following capture of
polarized neutrons,* and (ii) the :observation® of a
parity-forbidden o decay between the 8.8-MeV 2~
state in %0 and the 0* ground state in '2C.

These findings can be compared with calcula-
tions of the strength of the PNC admixtures, &,
in the nuclear states (see the references cited in
the review articles by Henley and Blin-Stoyle®).
The uncertainty in & is largely due to the approxi-
mations in the nuclear-structure calculations, as
well as to the particular choices of the form of the



