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The yields of all rare-gas products, including stable species, with half-lives >10 h, pro-
duced in 3- and 29-GeV proton bombardment of Cu, Ag, Au, and U were measured. Mass-
spectrometric measurements of Ne®?, Ne!, Ar®®, Kr®, and Xe!®! represent total chain yields
for these mass numbers. Spallation processes can account for Ne yields from Cu; Ar and
Kr from Ag; and Xe from Au. Fission and spallation mechanisms satisfactorily describe the
Kr from Au and the Kr and Xe from U. Ne and Ar yields from Au and U do not seem to be
formed by spallation and fission processes, but appear to result from the same processes
which lead to high yields of even lighter fragments previously observed in high-energy reac-

tions.

I. INTRODUCTION

The study of fission and spallation yields from
the high-energy bombardment of medium and heavy
elements has been restricted, in general, to the
measurement of radioactive products. The gener-
al patterns of the yields of such products from dif-
ferent targets at incident energies <6 GeV are rea-
sonably well established, especially for light- to
medium-mass targets. For heavy targets and
higher energies, the experimental data are less
numerous. Yield measurements and recoil exper-
iments, as well as emulsion, solid-state-fragment-
detector, and track-detector studies, have all
helped to elucidate the processes which take place
when high-energy particles interact with complex
nuclei. However, there are still uncertainties in
the relative importance of various competing mech-
anisms and in the details of these mechanisms,

One reason for these uncertainties is that unlike
the situation in low-energy fission, where most of
the primary products are neutron rich, radioac-
tive, and thus easily measured, primary products
formed in high-energy reactions tend to have peak
yields on or close to the line of B stability, and
many important yields remain unmeasured.

The yields of stable species are worth measuring
for a number of reasons. First, in most cases
stable products represent cumulative yields either
of neutron-excess or neutron-deficient species
only, and often may help to differentiate between
the relative yields of competing mechanisms in one
mass region. For example, it is known that low-
energy fission leads to neutron-excess products,
whereas spallation products are in large part neu-
tron-deficient species. Comparing the cumulative
yields of neutron-excess to neutron-deficient spe-
cies in a narrow mass region can thus yield some
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idea as to the relative importance of these two
mechanisms. Second, in a few cases the yield of
a stable isotope is the integrated yield of all prod-
ucts of a given mass. Thus, at least for a few
mass numbers, the total yield is obtained without
the need of extrapolation and interpolation proce-
dures based on a few independent yields. Finally,
when independent yields of stable nuclides can be
measured they add much needed information to
charge-dispersion studies, since the peak yields
of these distributions sometimes lie near stability.
Although stable isotopes may be measured by
mass spectrometry, this technique has not been
widely used in the study of high-energy nuclear re-
actions. Klapisch! has reviewed work in this field
completed by 1968, including new developments
from the on-line mass-spectrometric procedures
developed by Bernas and co-workers.? One diffi-
culty is that, in general, mass-spectrometric
techniques are not as sensitive as the measure-
ment of radioactivity., However, the mass spec-
trometry of rare gases has been developed into a
very sensitive technique, and it is now possible to
measure as few as 10°-10*! atoms of each species.®
Since mass spectrometry can also be applied to
radioactive species having half-lives exceeding a
few hours, the opportunity for yield measurements
by two completely independent methods arises. In
this way, one may check the absolute calibration
of the spectrometer for the different rare gases in
each experiment. Thus, in this work, the yields
of rare-gas isotopes, stable and radioactive (with
t,;,>10 h), formed by the bombardment of Cu, Ag,
Au, and U with 3- and 29-GeV protons were mea-
sured. Because there are no radioactive isotopes
of Ne with half-lives long enough to perform the
cross calibrations between mass-spectrometric
and radioactivity measurements, Na?? was mea-
sured in each run. Although not a direct calibra-
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tion, the regularities of the ratio of Ne** to Na®®
and of Ne® : Ne?!: (Ne?? + Na??) observed in each ex-
periment gave added confidence to the absolute
calibration of the spectrometer for the detection of
Ne isotopes.

II. EXPERIMENTAL PROCEDURES
A. Irradiations

Targets generally consisted of a stack of three
0.001-in. aluminum foils to monitor the proton
beam, followed by three foils of the target element.
Each target foil was 0.002-0.003 in. thick. Target
stacks were mounted on frames which were then
attached to the electromechanical flip mechanism
used at the BNL alternating gradient synchrotron.
Irradiations were made at energies of 3 and 29
GeV. Irradiation times varied from 30 to 130 min
corresponding to total proton fluxes of between 10
and 10" protons. At least two independent irradia-
tions were performed for each target element at
each energy.

The total proton flux through the target assembly
was determined from the monitor reaction A7 (p,
3p3n)Na?2, The monitor cross sections at 3 and 29
GeV were taken as 11* and 9.8 mb,® respectively.
The middle Al foil was used as the proton monitor.

After irradiation, semicircles with the leading
edge as the diameter were punched from the target
assembly with a §-in. circular punch. The sensi-
tivity of the mass-spectrometric measurements
did not permit discarding the leading edge, so all
target assemblies were carefully trimmed before
irradiation to minimize the effects of any misalign-
ment of the foils. The foils were then weighed,
and the middle target foil was taken for measure-
ment of Na®2, Ar®, Ar®®) Ar*?, Kr®, and Xe'?" ac-
tivities, and the inner and outer target foils were
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used for mass-spectrometric determinations of
rare-gas isotopes. One was measured as soon as
possible (fresh target); the other one was mea-
sured anywhere from a few days to a few months
after irradiation (old target).

B. Activity Measurements

The dissolution of the middle target foil and sub-
sequent isolation and purification of the rare-gas
radioactivities was carried out in the apparatus
shown in Fig. 1. The target foil was introduced in-
to the dissolver vessel (a), after which the air was
evacuated from the dissolver section [(a) through
(f)] , and replaced with helium. Copper and silver
foils were dissolved in 6 N HNO,; gold was dissol-
ved in dilute aqua regia; uranium was dissolved in
6 N HC1 to which had been added a trace of platinic
chloride as a catalyst. In each case, 20 mg of Na
carrier was added to the acid. During the dissolu-
tion, the flow of helium sweep gas was kept very
low. After the target was in solution a measured
volume of mixed Ar, Kr, Xe carrier was added
from pipette (d) and flushed through with helium at
the rate of 200 standard cm® (s.c.c.) per min for
ten minutes. It is estimated that this corresponds
to several system volumes. Recovery of added
carrier rare gases was quantitative in nearly ev-
ery experiment,

The effluent gas stream from the dissolving ves-
sel was passed through a purification section (f)
consisting sequentially of sodium hydroxide pellets,
magnesium perchlorate, hot titanium sponge, hot
cupric oxide, soda lime, and finally magnesium
perchlorate. The dried purified gas then passed
through the chromatographic column (g) 6 mm i.d.
X280 mm, filled with activated charcoal, and im-
mersed in liquid nitrogen. After the initial ten-
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minute sweep period was completed, appropriate
stopcocks were turned to permit the helium to by-
pass the dissolving vessel, and the flow rate of
helium was reduced to 70 s.c.c. per min before
eluting the rare gases from the chromatographic
column.

The elution of the individual rare gases was ob-
served by means of the thermal-conductivity cell
(h). The elution of the rare gases was commenced
by replacing the liquid nitrogen bath on the chro-
matographic column (g) with an acetone bath at -25°
C. At this temperature, argon was eluted very rap-
idly, and krypton began to emerge after approxi-
mately ten minutes, at which point the acetone bath
at -25°C was replaced by a water bath at +50°C.
This temperature caused krypton to be eluted very
quickly, and xenon appeared after about 15 minutes.
The elution of xenon was completed by replacing
the water bath with a heating mantle at 360°C. Ar-
gon, krypton, and xenon were collected, respec-
tively, on small charcoal traps (i), (j), and (k) im-
mersed in liquid nitrogen, by diverting the gas
stream through each trap at the appropriate time
as determined by the signal from the thermal-con-
ductivity cell. With the traps still immersed in
liquid nitrogen, the helium was pumped away to
vacuum, after which the traps were heated to 200°
C. with heating mantles, and the individual rare
gases were transferred by means of the Toepler
pumps to hot titanium furnaces located at the top
of each pump.

Ar*" activity was measured by taking a small al-
iquot of the argon fraction into a gas proportional
counter (1.3 cm i.d. X 30 cm) filled with P-10 (10%
methane-90% argon) to 1 atm. A small correction
was made to the counting rate for the contribution
of Ar®°, Ar*?, and K* activities.

Ar®® and Ar*®* were determined by transferring
the remainder of the argon fraction into the enve-
lope surrounding a thin wall detector which was
made entirely from quartz to minimize background
counting rates. The low-level shield surrounding
the counter was sequentially one in. of mercury, a
ring of anticoincidence counters, and six in. of iron,
After the daughter K*? had been allowed to grow to
equilibrium, the gross counting rate resulting from
contributions of Ar®°, Ar*?, and K** was measured.
The gas sample was removed from the counter,
and the K* activity remaining in the counter was
then measured. The counting rate of the K** after
adjustment to the time of removal of gas from the
counter was subtracted from the gross counting
rate to yield the counting rate of Ar®® and Ar*? com-
bined. The counting rate of K*? after correction
for counting efficiency is the disintegration rate of
Ar*®2, The detection efficiencies of these counters
was measured as described before.® The Ar®” de- .
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tection efficiency of these counters was less than
3x107%% as measured using Ar®” prepared by the
reaction Ca*(n, @)Ar®",

Kr® and Xe!?" activities were measured using
gas proportional counters filled with P-10 to 1 atm.
Xenon extracted from uranium targets contained
8-day Xe'?*” 12-day Xe'”, and 5.27-day Xe'*3,
as well as Xe'" which was being sought, so that it
was necessary to measure the activity of the xenon
fraction for two to three months to resolve the
36.4-day Xe'?” component. The counting data were
analyzed by a least-squares procedure’ to obtain
the counting rate of Xe'?",

After the rare gases had been removed from the
target solution in the dissolver vessel [(a) in Fig.
1] standard chemical procedures® were used to
separate and purify the sodium. The purified so-
dium fraction was mounted as NaCl, and the inten-
sity of the 1.28-MeV y ray of Na?* was determined
with a calibrated 3-in. X 3-in Nal detector.

C. Mass-Spectrometric Measurements

Figure 2 shows a sketch of the apparatus used.
Both the vacuum line, made of Dow Corning 1720
glass tubing, and the mass spectrometer were
baked at 220°C for 10 h before operation. The 1720
glass has a very low diffusion rate for helium, and
a static pressure of 1078 Torr was achieved rou-
tinely. The mass spectrometer was a statically
operated, 60° Nier-type spectrometer. It was
equipped with an electron impact ion source and a
Cu-Be photomultiplier detector. The output of the
photomultiplier was measured with a high-resist-
ance vibrating-reed electrometer.

Blank runs were performed before each measure-
ment. In general, for nuclides formed with cross
sections =1 mb, blank peak heights were <10% of
the sample peak heights except for Ne?® and Ar®®,
In the latter cases, the resulting uncertainties de-
pended on the total number of protons striking the
target, and these uncertainties were included in
the error limits assigned to the results. No seri-
ous problem was encountered with the mass-spec-
trometer memory effect® in the Kr and Xe regions.

To start the separation, the sample was dropped
into a molybdenum crucible and melted at 1900°C
by induction heating. Maintaining this temperature
for 10 minutes liberated all gaseous products from
the target. Next, all reactive gases were removed
in a furnace containing titanium sponge at 900°C.
Both Kr and Xe were collected in a trap at -196°,
and Ar was adsorbed onto charcoal at -196°C. The
valve between the mass spectrometer and purifica-
tion line was then opened, and the amounts of Ne®,
Ne?!, and Ne®? present were measured. After pump-
ing away the Ne fraction, the heavier rare gases
were successively released from their cold traps
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FIG. 2. Mass spectrometer and associated apparatus for the melting of targets, and separation, purification, and
analysis of rare gases. HF —high frequency coil; Ti-—titanium getter; Mo —molybdenum crucible; CT —cold trap;

I—ionization gauge; and C—charcoal.

into the system and measured.

All heavy noble gases (Ar, Kr, and Xe) were
collected in a liquid-nitrogen-cooled charcoal trap
after measurement and transferred to the vacuum
line shown in Fig. 1 where they were diluted with
known amounts of inert carrier gas, separated,
and purified, after which the radioactivity mea-
surements were made as described before. From
U and Au targets it was usually possible to make
five independent measurements of five isotopes in
each run: Ar®”, Ar®®, Ar*?, Kr®, and Xe'*” were
measured once from the dissolved foil by counting,
and both by mass spectrometry and by counting
from each of the two remaining foils.

After all of the noble gases had been measured,
the target was remelted and the crucible raised to
a temperature 100°C higher than originally, and
the mass analysis was repeated to make certain
that the target was completely outgassed in the
main run. Normally, less than 3% of the total
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yield was found in the second sample, and in the
worst case 30% was found. In all cases the mea-
sured yields were corrected for this effect. Since
many targets were melted in the same crucible, it
was essential to outgas the crucible just before
each new run. Otherwise noble-gas products could
accumulate from the decay of nongaseous parent
activities in the melt of the old targets.

The absolute calibration of the mass spectrome-
ter was made by the introduction of precisely
known amounts of standard gas samples into the
system. Details of the construction and use of the
calibration system are described elsewhere.® The
vacuum system was constructed to allow the mea-
surement of freshly irradiated targets within a
short time. The target was introduced into the
vacuum system by means of a vacuum lock, shown
in Fig. 3. Under favorable conditions, it was pos-
sible to measure rare gases 12 h after the end of
the irradiation.

Dz &

5) 4 — HIGH VACUUM LINE
A—

NAIL TARGET 2 |

IRON PLUG

FIG. 3. Vacuum lock for introduction of target foils to mass-spectrometer vacuum system. The procedure followed
was: connect (1) and (2); pump out lock with fore pump and seal at (3); break glass seal (5) with iron plug (4); pump
with diffusion pump; then using nail (7) push target (6) into furnace (not shown).
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III. RESULTS

The experimentally measured cross sections are
shown in Table I. The cross sections listed repre-
sent cumulative yields including all precursors
with half-lives <3 yr. At least two irradiations
were made for each target-energy combination. In
addition, some Ag targets from earlier irradiations
were also available.’ Results obtained on these old
targets were included in the computation of the fi-
nal results. This helped to increase the precision
of some yield determinations, especially for those
rare-gas isotopes which have relatively long-lived
precursors, e.g., Rb® (¢ ,,=83 day), Rb® (¢,,=33
day), and Sr® (¢,,,=25 day).

The errors shown in Table I were estimated from
the internal consistency of the data. The following
points were considered:

(a) agreement between radioactivity measurements
made on the dissolved foil with the radioactivity
measurements made on the gas samples collected
from the spectrometer after the analysis of the
other two foils from the same run,

(b) agreement between mass-spectrometric re-
sults from the two foils in each experiment for
those rare-gas nuclides fed by precursers with
half-lives < a few hours,

(c) agreement between radioactivity and mass-
spectrometry results for Ar®", Ar®® Ar*?) Kr®,
and Xe'?*" within one run,

(d) agreement between results of duplicate experi-
ments.

In general, the spread in measured cross-sec-
tion values for each product was no greater than
+15%. This observation serves, in item (c) above,
as a check on the relative detection efficiencies of
the counters and of the mass spectrometer.

There were, in a few cases, some rather large
discrepancies. These discrepancies were not sys-
tematic; they occurred usually in only one of the
four tests listed above, and were not included when
the average values listed in Table I were calculat-
ed. Occasionally, the reason for the discrepancies
was obvious; incomplete outgassing and incomplete
collection of the products in the spectrometer or
misalignment of the three target foils.

There are two possible sources of error arising
from Ne recoils. The target foil next to the Al
monitor foils may collect Ne recoils from the mon-
itor. It has been shown previously that <1% of the
Na?* produced in GeV reactions recoils out of
0.003-in Al foil.'® Assuming that 0p1-»ne=20 mb,
and that all the recoiling Ne atoms are trapped in
the first target foil, there is, at most, a 3% effect,
and no corrections were made.

A second source of error is the recoil loss of Ne
from the target foils. One can show, using mean
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recoil ranges of Na®* as determined by Crespo,
Alexander, and Hyde'' that corrections for the Cu,
Ag, and U targets are <56%. For Au targets (three
0.002-in. foils), there is a 10% loss of Ne in the
upstream foil due to uncompensated forward re-
coils and a 5% loss in the downstream foil due to
uncompensated backward recoils. The Ne results
for Au in Table I, which were obtained by averag-
ing data from the upstream and downstream foils,
were increased by 7% to correct for recoil loss.

The poorest set of data are the yields from U
plus 3-GeV protons. The integrated proton fluxes
obtained in these irradiations were the lowest of
all the experiments, and thus the amounts of prod-
uct atoms were small. In neither 3-GeV proton
+U irradiation was it possible to detect Na®? from
the dissolved foil, and the total Ne*? and Na?® fig-
ure in Table I was obtained from the mass-spectro-
metric measurements and the Na?? cross section
previously reported.*?

In one U+ 3-GeV proton experiment, incomplete
outgassing was obvious from the results, although
not from the specific outgassing check described
previously. With this experiment, the absolute
amounts of radioactive Ar, Kr, and Xe products
were obtained from the counting measurements,
and the isotopic ratios determined by mass spec-
trometry were then used to determine the yields
of the stable and long-lived species. The same
method could not be used to determine the Ne
yields, since there was no radioactive isotope of
Ne measured. Here the extraction efficiency was
calculated from the Ar results and presumed to
apply to the Ne yields.

Although the U+ 3-GeV proton data are somewhat
in doubt, they have been included in Table I be-
cause the error of ratios of stable isotopes within
one rare gas is at least three times smaller than
the absolute errors.

As described previously, two foils from each
target stack were measured on the mass spectro-
meter, one hours, and the second, anywhere from
days to months after the irradiation. Thus it was
possible to obtain independent yields of a few nu-

TABLE II. Independent yields, in mb, at 29 GeV.

Au U
Br® 3.8 +25% 3.7
Rb8 1.7 +25% 8.0 +25% 5.2,P4.02
1126 <0.2 3.4 £25% 3.0°¢
Xe 12 <0.3 3.2 x25% 3.0¢
Xe 13 <0.1 2.5 25% 2.5¢

2J. Chaumont, private communication,

PRef. 29 (6.2 GeV).

®Interpolated values from N/Z versus yield curve in
the mass-130 region from Ref. 14,
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clides at 29 GeV (Table II). The errors associated
with these yields are estimated to be +25%. No re-
sults are given for 3-GeV irradiations because, as
mentioned above, the U+ 3-GeV proton cross sec-
tions are suspect.

IV. DISCUSSION

A number of the yields reported here, Ne?°, Ne?!,

Ar®®, Kr®,  Xe'®! represent the total yield for
those mass chains. These points are especially
valuable in defining the mass-yield curves for the
targets and energies used in this work, because
the usual interpolation techniques used to obtain
total isobaric yields from a few measured indepen-
dent yields are unnecessary.

Many of the data in Table I already have been
used to obtain the mass-yield curves for Ag,'® Pb-
Au,* and U™ at 3 and 29 GeV. Figures 4 and 5
show the mass-yield curves from Au and U at 29
GeV. In Fig. 4 the point A =7 is from R. Klapish.'®
For both targets it is obvious that yields in the
mass-40 region and below are formed to a large
extent by mechanisms other than spallation or fis-
sion. From Ag,'? products in the mass-40 region
seem to be the tail of the spallation yield distribu-
tion, and it will be shown that calculations agree
with this premise. The most obvious difference
between the Au and U curves is the large fission
contribution to the measured U yields and the ab-
sence of a discernable fission-product peak in the
Au mass-yield curve. Fission cross-section mea-
surements using mica detectors'® showed that
07(U)=670 mb and of(Au)=63 mb at 29 GeV. Thus,
although fission is the major contribution to yields
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FIG. 4. Mass-yield distribution from Au+29-GeV
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FIG. 5. Mass-yield distribution from U+380-GeV pro-
tons. The dashed section is an extrapolation based on
the Au results in Fig. 4.

in the mass region 70-150 from U, the Au results
in this mass region can be explained by spallation
processes corrected for a small amount of fission.
Rudstam'” has developed a semiempirical form-
ula which has been quite successful in correlating
the spallation yields of a wide variety of products,
especially from targets in the region Cu-Ag. In
this formula, the yield of spallation products is
assumed to decrease exponentially with increasing
mass difference between target and products, and
the distribution of isobaric yields in a mass chain
is assumed to be either Gaussian or approximately
so. Schwarz and Oeschger'® have approximated
the Rudstam equation with an integral and obtained:

O(AArEmAt)=00At2/3pe-pAA, (1)

where AA is the mass difference between target
and product, E, is the incident energy, A, is the
target mass, and 0, is a constant. Schwarz and
Oeschger also give an interpolation formula for p
as a function of E;and 4, for Al, Cu, and Ru at
energies between 0.1 and 2 GeV:

1
T:C,A, @

where C,;=0.237 GeV¥? and C,=0.020. These re-
lationships plus the charge distribution of Rud-
stam®:

exp(-11.84,7%45|Z, — 0.486 A4, +0.00038 4 ;2| */?) ,
(3

where A, and Z, are the mass and charge of the
product, were used to calculate the spallation
cross sections shown in Table I.

p=C E,; %3
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The constant o, in Eq. (1) is ~60 for Cu at 5.7
GeV, and since little is known about the energy
and target dependence of this figure the same val-
ue was used for all targets at both 3 and 29 GeV.
Rudstam has shown that the parameter p decreas-
es with increasing energy up to 6—10 GeV and then
remains constant; the lighter the target the lower

the energy at which p becomes energy independent,

For Cu the critical energy is ~6 GeV, and for Ag,
Au, and U the critical energy is not well deter-
mined but is known to be 10 GeV or less. To com-
pare calculations with the 29-GeV Cu results, p
was calculated from Eq. (2) at 6 GeV, and the re-
sults are listed in Table I. For Ag, Au, and U
calculations, 10 GeV was taken as the energy at
which p becomes energy independent to use in Eq.
(1).

From Au and U, the fission cross sections’®
measured at 3 and 29 GeV were subtracted from
the 0,A%* term to eliminate that part of the total
cross section not available for spallation.

The agreement between calculated and experi-
mental results is quite good. Both the total yields
of Ne isotopes, and the total yield and isotopic
distribution of Ar isotopes from Cu (Fig. 6) and of
Ar and Kr species from Ag (Fig. 7), are repro-
duced satisfactorily by the calculation. The cal-
culation is in good agreement with Xe yields from
Au, but predicts lower yields for Kr than were
measured. This too is reasonable when one re-
members that the 63-mb fission cross section of
Au will produce 126 mb of yield, most of it in the
mass region 70-100. From U, where fission is
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FIG. 6. Yield distribution of Ne and Ar isotopes
formed in the bombardment of Cu with 29-GeV protons.
The points are experimental, the lines connect calculat-
ed spallation yields (not shown) from Table I.
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FIG. 7. Yield distribution of Ar and Kr isotopes
formed in the bombardment of Ag with 29-GeV protons.
The points are experimental, the lines connect calcula-
ted spallation yields (mot shown) from Table I.

an important contributor in both the Kr and Xe
mass region, the calculated results give at least
a rough idea of the spallation contribution, as
shown in Fig. 5.

Ne?°722 gnd Na®2. The process or processes by
which fragments with masses between 18 and 30
are produced in the interaction of GeV protons
with complex nuclei has been a puzzle ever since
they were first observed. The results reported
here provide a systematic study of the total yields
at three mass numbers, 20, 21, and 22, as a func-
tion of target mass at two energies. In addition,
the data yield the ratio of the cumulative neutron-
deficient yield to the total yield at A =22,

The spallation process is a mechanism which
has been successful in predicting the wide variety
of final products observed in high-energy nuclear
reactions at incident energies >100 MeV. Spalla-
tion products are the residual nuclei left after a
larger or smaller number of nucleons and small
nuclei (e.g. He® He?®) have been emitted from the
struck target during the fast nucleonic cascade
and the slower evaporation stage of deexcitation.
Both the nucleonic cascade'®? and the evaporation.
process®?? have been the subject of calculations,
the results of which are in reasonable agreement
with observations. At the present time no such
detailed calculations are availabel for incident en-
ergies >2 GeV.

As mentioned previously, the calculated spalla-
tion cross sections of mass~20-22 products from
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Cu (Table I) agree, especially at 29 GeV, with ex-
periment. However, the calculations predict a
10% lower cumulative yield for Ne® than for Ne®®
at both 3 and 29 GeV, which is not observed ex-
perimentally, Within experimental error, mea-
surements on all targets, at both energies, yield
0(A =20) =0(A = 21) = 0(A = 22). Thus, the data show
that spallation can account for most of the ob-
served mass-20-22 products from Cu at 3 and 29
GeV. They also suggest that another mechanism,
one in which yield increases with increasing mass
of fragments, may contribute to the yield of frag-
ments even from light targets.

There is only a small change (10-15%) in the Ne
yields from Cu between 3 and 29 GeV. Similar
small changes have been reported previously for
a wide varirty of products from Cu between these
two energies.?® The Ne yields from Ag, Au, and
U targets increase by factors of 2, 3, and 4, re-
spectively, between 3 and 29 GeV.

There are now sufficient data available to map
out, in a rather complete fashion, the distribution
of isotopic yields in this mass region. Klapisch,
et al.*® have measured the isotopic distribution of
Na nuclides produced in GeV proton bombardments
of a number of targets. Their isotopic Na distri-
butions show that the yields for all targets peak
either on stability or slightly to the neutron-ex-
cess side of it, Na?*-Na?®, and the yields drop off
rapidly at both higher and lower mass numbers.
Previously measured ratios of the independent
yield of Na? to the cumulative yield of Ne?*,
Na?¥(i)/Ne?¥(c), from various targets®® show that
isobaric yields also are at a maximum near sta-
bility.

The same argument seems to hold true for neu-
tron-deficient isobars. Subtracting values of
ona22(i) of Klapisch, et al.?* from published val-
ues'? of oy,22(c) gives at least a rough idea of
Opgez(c). For heavy targets, Ir, Au, and U,
Ona22(i) = On,22(c) indicating a steep drop-off in
yield on the neutron-deficient side of the stability
valley. For medium-mass targets, Ag and Mo,
and presumably for lighter ones too, Oy,22(i)
<0Oy,22(c). These facts show that most fragments
are produced close to stability, with yields drop-
ping off quickly whether one looks at isobaric or
isotopic distributions. The main effect of increas-
ing target mass on the yield distribution, aside
from increasing total yields, is the higher pro-
bability of making neutron-excess species. This
fact in itself is not unexpected, since the heavier
targets also have greater neutron/proton ratios.
The fact that the peak positions of the distributions
change very little perhaps is suprising,

There have been arguments presented previous-
1y? that the mechanism by which these fragments

are produced cannot be one in which the struck nu-
cleus is shattered so quickly that the small frag-
ment retains only a neutron/proton ratio similar
to that of the parent with a greater or lesser
amount of excitation energy. Calculations based
on this hypothesis predict that from neutron-rich
targets, such as Au and U, no neutron-deficient
products would be formed. The observed charge
distributions, the small but significant yields of
neutron-deficient species, and the apparent odd-
even effect in the independent Na yields®* all point
to the conclusion that even in very complex re-
actions involving large intranuclear cascades and
high levels of excitation, the difference of a few
MeV in the final products is important; phase-
space considerations muct play an important role
not only in the last few deexcitation steps, but in
the initial break up as well.

Ar, The Ar yields measured in this work plus
additional data in the same mass region from other
workers are shown in Table III. There is little
doubt that products in the mass region 36-42 are
spallation products when Cu is bombarded with 3-
or 29-GeV protons. Between these two energies
all measured Ar yields decrease ~15%, which may
be considered complementary to the similar pre-
centage increase in the Ne yields. At the higher
incident energy there is a greater probability for
very complex reactions to occur, and these occur
at the expense of those reactions which are less
complex.

The isotopic-distribution curves for the Ar iso-
topes from Cu at 3 and 29 GeV are approximately
Gaussian in shape and almost identical at the two
energies. The maxima of the curves occur at an
N/Z value of 1.12, Attempts at similar isotopic-
distribution analyses of the Ar data are not as
satisfactory for Ag, Au, and U targets. The
shapes of the distributions are not Gaussian, and
it is difficult to obtain a precise value for the most
probable N/Z value for each target. However, if
one ignores the K** data, as was done by Katcoff,
Fickel, and Wyttenbach (KFW),* the Ag results
yield ~1.15 for the most probable value of N/Z in
the mass-40 region. The same value was obtained
by KFW™ using a wider mass range.

The yields of the neutron-deficient species Ar3®
and Ar®” are greater from Ag than from either Au
or U at both 3 and 29 GeV. One can interpret the
mass-yield curves from Ag' to indicate that the
yields at A ~36-40 are the tail of the spallation-
product distribution, and the agreement, at least
at 3 GeV, between the experimental results and
the spallation yield calculations, shown in Table I,
is also satisfactory. From Au and U the distribu-
tion of the Ar yields shows that products in the
mass-40 region are not produced by a spallation
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TABLE III. Formation cross sections, in mb, of nuclides in the A=36-42 mass region as a function of target mass
and incident energy.

Target
Cu Ag Au-Pb U
Product 3 GeV 29 GeV 3 GeV 29 GeV 3 GeV 29 GeV 3 GeV 29 GeV

Ar® 1.4 1.2 0.31 0.47 ~0.1 0.28 <0.5 0.20
Ar® 5.4 4.7 1.2 2.3 0.52 1.6 0.40 1.6
Ar38 13.4 11.1 4.4 7.0 4.7 9.4 11.2 15.3
Ar® 7.2 6.4 2.7 4.7 3.5 7.8 7.0 13.0
Ar#! 0.872 0.732 0.41b 0.63P 1.43¢ 1.98¢ 4.3¢
Ar# 0.17 0.16 0.12 0.21 0.42 0.82 1.2 2.0
K% 2.902 2.832 1.67° 0.99° 1.829 4.04
c1% 0.8¢
c1%® 1.33¢

2Ref. 23. °R. Stoenner, private communication.

PRef. 13. d@G. Friedlander and L. Yaffe, Phys. Rev. 117, 578 (1960).

mechanism. As was stated above, the yields of
neutron-deficient nuclides from Au and U are de-
pressed relative to Ag, and the observed increase
in total chain yields (Ar®) arises from neutron-
excess species. The difference between Au and U
is most significant on the neutron-excess wing of
the isotopic distribution. For example, at 29 GeV,
whereas the total yield at A =38 is 9.4 mb from Au
and 15.3 mb from U, which is an increase of less
than a factor of 2, the yields of neutron-excess
Ar*! and Ar*? from U are factors of 2.5 to 3 times
those from Au. The isotopic distributions and
general shapes of the mass-yield curves show that
both Ne and Ar yields from heavy elements are
neither spallation residues nor “normal” fission
products, but result from the same processes
which lead to even higher yields of lighter frag-
ments.

The possibility that the evaporation mechanism
encompasses the yield of fragments as heavy as
Ar isotopes cannot be ruled out. Dostrovsky, et
al.?® have shown that the ratio of fragment yields,
as heavy as Na, from various heavy nuclei are in
agreement with calculations based on the statisti-
cal theory of evaporation. More recently, Crespo,
Cummings, and Alexander, *” following a sugges-
tion of Swiatecki,?® have proposed that in a unified
liquid-drop theory of fission and evaporation there
are two saddle points. One saddle point is at sym-
metric mass division (fission) and the other at
very asymmetric mass splits (evaporation). The
potential peak between the two saddle points would
lead to 2 minimum in the mass-yield curve, as is
observed with U (Fig. 5), and perhaps also in Au
(Fig. 4).

Kr and Xe. Kr isotopes are produced by spalla-
tion from Ag at both 3 and 29 GeV. The pattern
of Kr yields from Ag is very similar to that of
the Ar yields from Cu, which is not suprising

since AA, the mass difference between target and
product, is the same in both cases. The Kr data
have also been used by KFW,* and from their
analysis one can see that the slopes of the mass-
yield curves at 3 and 29 GeV are such that pro-
ducts with mass number =60 are formed in higher
yield at 3 GeV. Below A =60 the reverse is true,
and the ratio of yields at 29 GeV compared with

3 GeV increases steadily with decreasing mass.
KFW obtained a most probable N/Z of 1.19 in the
mass region 76~86 which corresponds to Kr®,
Thus the peaks of the isobaric distributions lie
slightly to the neutron-deficient side of stability,
but the distributions are wide enough to have some
contribution from slightly neutron-excess nuclides
such as Kr® and Kr®®, No Kr®(N/Z =1.39) was
detected from Ag(N/Z =1.30) at either energy.

The neutron-excess Kr isotopes 84, 85, and 86
are produced in higher yield from Au than from
Ag targets, and the spallation calculations in
Table I underestimate the observed cross sections.
Both of these facts lead to the conclusion that the
fission of Au leads to non-negligible yields of Kr
isotopes, especially of those species which are
rich in neutrons. This seems to be true especial-
ly at 3 GeV. At the higher energy, the yields of
the neutron-rich products decrease slightly, al-
though total yields (Kr®) rise by ~10-15%. The
increase in the calculated spallation cross sec-
tions and the observed slight decrease (10-20%)
in the measured fission cross section between 3
and 29 GeV™ indicate that as the energy is raised
above 3 GeV, spallation plays a larger role in
producing nuclides ~100 mass units away from the
Au target. The same is not true of the Xe yields
from Au. Here, essentially no neutron-excess pro-
ducts are formed, and the spallation calculations
agree with the measured yields at both energies.

For U products in the 130 mass region, charge-
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dispersion curves of Friedlander, et al.’*?® and
Chu, et al.?® exhibit two peaks in the yield distri-
bution. One peak, composed mainly of neutron-ex-
cess species, is attributed to low-energy fission
processes. The other peak contains mainly neu-
tron-deficient species and its height, relative to
the neutron-excess peak, increases with increas-
ing bombardment energy. From Table II it can be
seen that the independent yields from U of 1'%,
Xe'?®  and Xe'®!, agree quite well with the results
of Friedlander.'* These three nuclides all fall
near the maximum of the neutron-deficient peak
as defined in that work, and thus confirm, by a
completely independent experimental technique,
the magnitude of that peak.

Neutron-deficient nuclides are produced from
U +GeV protons by at least two processes. Crespo,
Cumming, and Poskanzer3!' have shown that high-
energy fission contributes to the observed yield.
In addition, the recoil measurements of Brandt,*
Crespo, Cumming, and Poskanzer,®' and Ravn
and Hagebd?® all show that at least in the mass-
115-130 region, spallation processes are neces-
sary to account for very neutron-deficient species
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with low recoil velocities., The calculated curve
in Fig. 5 shows that there is a small but real spal-
lation contribution under the fission peak.

To summarize, fragment emission, whether
from evaporation or other mechanisms, accounts
for observed yields up to A ~20-30 for Cu and Ag
targets, and spallation accounts for yields be-
tween this mass region and that of the target. The
yield of light fragments from Au extends to A ~ 40,
and between A =40-140 the observed yields seem
to be mainly spallation products, with a small con-
tribution from fission. Fragments emission from
U also extends to A ~40, but the major contribu-
tion to yields in the 40-140 mass region is now
chiefly fission with spallation prosesses contri-
buting only near the upper end of the region.
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Thirty-two levels in Lu!™ have been observed up to an excitation energy of 1628 keV utiliz-
ing 12-MeV deuterons and the reaction Lul®™(d,¢)Lu!™. The ground-state @ value was deter-
mined to be ~1400 +15 keV. The spectrum has been interpreted in terms of the coupling of
the [40}4 +] Nilsson proton orbital with the neutron orbitals prominent in the (d,¢) spectrum
of Yb!", This interpretation has resulted in the determination of relative energies due to
the residual neutron-proton interaction for seven different configurations. The observed
singlet-triplet splitting energies for the [512+4], [521+], and [521t] neutron orbitals cou-
pled to the [404+] proton orbital were measured to be =110, +80, and —90 keV, respec-
tively. Theoretical calculations of these energies made for a zero-range spin-dependent
ceutral potential gave values of —106, +71, and —77 keV, respectively., The remarkable
agreement indicates that the spin-spin interaction can account for most, if not all, of the

singlet-triplet splitting energy.
INTRODUCTION

One of the more complex aspects of nuclear phys-
ics is the study of odd-odd deformed nuclei. These
nuclei can be approximately described as consist-
ing of an inert tightly bound core plus an extra
proton and an extra neutron which are relatively
free compared to the particles in the core. The
interaction between the odd particles has a strong
influence on the energies of low-lying states. How-
ever, the rotational motion of the deformed system
still dominates the low-energy spectrum, especial-
ly for well-deformed nuclei. Thus the low-energy
spectra of these nuclei consist of intrinsic states
with superimposed rotational levels whose relative
energies are well described by the rotational for-
mula

ﬁZ
E =57 I(I+1), (1)

where g is the moment of inertia and I is the total
angular momentum of the nucleus. The reaction
cross sections of these rotational levels follow a
definite pattern or “fingerprint” which is charac-
teristic of the intrinsic state on which the rotation-
al band is superimposed. The value of I for the
band head (usually the member of the band with the
lowest energy) is characteristic of the intrinsic
state on which the rotational band is built. The
approximate energies of intrinsic states can be
determined by using the Nilsson model® to describe
the single-particle states in the deformed nucleus.
This model also furnishes the wave functions which

are used to calculate the reaction cross sections.
Even better estimates of the approximate energies
can be made if the spectra of neighboring odd-A
nuclei have been interpreted in terms of the Nils-
son model. In order to improve the cross sec-
tions we have utilized a modified Nilsson model?
which uses a more realistic Woods-Saxon potential
and includes certain coupling terms which were
ignored in the original Nilsson model.

The intrinsic-energy estimates, along with the
energy systematics described by Eq. (1) and the
characteristic intensity pattern or “fingerprint,”
provide a means of interpreting the spectra of de-
formed nuclei. Second-order mixing effects some-
times distort the intensity pattern, but these effects
can usually be predicted accurately within the
framework of the rotational model.®

Once interpretation of the energy levels has been
made, the energy shifts due to the neutron-proton
residual interaction can be extracted from the ob-
served energies and compared to theoretical cal-
culations for various choices for the form of the
two-body potential. The purpose of this paper is
therefore not only a detailed spectroscopic study
of the levels of Lu'™, but also to provide experi-
mental values of residual interaction energies in
Lu'™ and to compare these to calculations for a
simple type of neutron-proton interaction.

Since excited neutron states have been studied
extensively in odd-A nuclei in the rare-earth re-
gion, the most promising approach is to study
states in Lu'™ in which only the state of the odd



