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Abstract
The mass distributions of fission products and target-

120 with 197Au were

ﬁlike products in the reaction of 20 MeV/A
determined radiochemically. The charge dispersions of the
fission products were found ﬁo have Gaussian shapes with a-
width parameter (2c2) of 1.6 units and a most probable charge
of 0,417 A + 1,4 . As fof near- and above-target products,
the chafge dispersions of A = 196 - 199 had two peaks, one
corresponding to a quasi-elastic process and the other corres-
ponding to deeply inelastic and/or complete fusion processes.,

The cross sections of above-target products were larger than the

values expected from simple evaporation calculations.
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‘i. Introduction
'It'is interesting to study how the reaction mechanisms
in heavy ion induced reactionS'vary with incident projectile'
energy, especially for energles near the nuclear Ferml energy.
‘In recent years, heavy ion beams of 1ntermed1ate energy have
' become available for these experiments.
A radiochemical experiment usually aims at defining

what occurs during}a;nuclear reaction by observing the change
induced in a heavy target nucleus. These techniques were'usedo
"inlmuch of the early work with low energy reactions (a few MeV/A),
Wherevtypical reaction processes are elastic'scattering, quasi-
:elastlc scatterlng, deeply inelastic scatterlng, complete fu31on
and 1ncomp1ete fus1on. Slmllarly, 1n hlgh energy heavy ion
reactlons (hundreds of MeV/A or more), radlochemlcal measurements
of forward backward ratlos,'charge dlsper51ons and mass distri-

'butlons of residual nuclel1 -6

“have helped develop the picture
of a fast abrasive step followed by thermalization and de-
excitation of the primary reaction products.

. There is little published radiochemical work in the
rintermediate energy region. Most experiments performed at these
energies have involved the measurement of the energy spectra
of light emitted fragments which are interpreted with a moving

10, 11

source mode17-9, a pre-equilibrium exciton model , the

nuclear fireball model11, etc, Symons et, al.11 have used

both a low energy model and a high energy model to try to
~explain the energy spectra of protons in the system of 20

16 12 have concluded that,

MeV/A "0 + 197 pu. Egelhaaf et. al,
in the system of 20 MeV/A 20y¢ + 197Au, incomplete fusion and

sequential decay occur in addition to complete fusion and



ordinary transfer reactions, and that other mechanisms do not
contribute significantly.
In this work, we have examined the mass distribution

120 + 197Au using precise radiochemical methods.

of 20 MeV/A
We have chemicaliy isolated both fission products.and near-

target products. Results have been compared with an evapora-
tion calculation assuming the fofmation of a compound nucleus,

and including pré-equilibrium processes via the exciton model.

ITI. Experimental
A, Irradiations

The experimental irradiations were performed at the
Lawrence Berkeley Laboratory$ 88-inch Cyclotron. The gold
targets for most of the determinations consisted of uniform,
gself-supporting gold foils of 5.16 mg/cm2 thickness, mounted
between two pieces of 6.24 mg/cm2 aluminum foil to completely
collect both forward and backward recoil products, For experi-
ments where products which decayed by alpha particle emission
were measured {discussed below), the thickness of the gold

2

foil varied from 1 mg/cm” to 2 mg/cmz, and the aluminum catcher

foils were 1.8 mg/cm2 in thickness, sufficient to stop complete
fusion recoils, \

The target foils were bolted to a copper block at the
back of an electron-suppressed Faraday cup and were irradiated

with 245 Mev 12¢°*

with an average intensity of about 20 elec-
trical nanoamperes. The diameter of the beam spot was 10 mm,
defined with an upstream graphite collimator. The irradiation
times for each experiment varied from 5 minutes to 12 hours,

depending upon the half lives of the nuclides which were of

interest, The beam current entering the Faraday cup was measured’



with an.electrometer, and the integral was recorded periodically .
to permit»aecﬁrate beam flux histories to be constructed.

To estimate the possible effect of secoﬁdary reaetions
on the measured reaction cross sections, a set of targets with
- different thicknesses between 1.0 mg/cm2 and 5. 16 mg/cmztwere

_1rrad1ated It was found that, w1th1n statlstlcs, there was
-'no change 1n any of the reactlon product cross sections as a
function of target thlckness. The evaluation of the contribu=
etion of secondary reactions in this reacting system was not
a problem. | |
B.tChemical Separations

Each irradiated gold target'with its alumihum cover,}'
Vf01ls.was dlssolved in agua regla w1th an excess of HC1 in a
distillation flask contalnlng carriers and/or tracers for the
- elements. of 1nterest The elements characteristically present
as fission products were separated with standard chemical
procedures13. Brief comments on the separation schemes for the
elements near gold are located in the Appendix at the end of
this paper, Each run produced 3 to 10 samples. Chemical
yields were obtained either by measuring the tracer activities,
by weighing the carriers, or by comparison of the most'intense
activities with those measured from an unseparated target.
| Almost all products at a significantly higher Z than
that of the targetvwere expected to recoil in the forward (beam)
direction. In experiments designed to detect alpha-emitting
polonium and astatine isotopes, thin gold foils were used
(described above) that allowed these products to escape to the
forward catcher foil. This was checked by surveying an un-

separated target and forward foil for gamma-ray activity due



196 198

to Pb and Bi., Therefore, for measurements of polonium

and astatine alpha activitigs, the forward aluminum catcher foil
was meltéd on a copper disk and the volatile elements were
collected on a copper foil cooled with liquid nitrogen or dry
ice. Only alpha activity from pdlonium isotopes was observed.,

For more chemical details, see the Appendix.

C. Radioactivity measurements and data treatment
The activity of each product was determined by observing

198 200Po

its characteristic gamma-rays except for Po, 199}?0 and
which were observed via their alpha activity. The gamma-ray
épectrometer system was based on four Ge(Li) detectors equipped
with pulse height analyzers, The photoelectric efficiencies of
the detectors were determined as a function of gamma-ray energy
for a number of well-defined geometries With a set of cali-

- brated radionuclide sources. The energy resolutions (FWHM)

of the detectors were 2,00, 2.05, 2.66 and 2.67 keV for the

1332 keV gamma-ray of 60

Co. The gamma-ray spectrum of each
sample in the energy range 50 keV<E<2 MeV was measured at a
PHA gain of 0.5 keV/channel as a function of time for a total
period of about two months for each run. For alpha agtivity
measurements, a Si(Au) surface barrier detector was used. The
efficiency of this detector was determined with a known amount
of 210Po source.

The gamma-ray spectral data were anélyzed with the set
of computer programs described in Ref. 14, These programs
consist of a peak search, fitting and integrating program
(SAMPO), a sorting program for decay curve construction (TAU1),
and an interactive decay curve identification program (TAU2).

Since the accuracy of the initial activities determined with

TAU2 is defined by the accuracy of the isotope table used in



the identifications15, the intensity of each line was' checked
against more recent compilations1'6’17 to improve the reliability
ofvtheaadata. The end-of-bombardmentvactivities'were»converted
to cross sections taking-into accountrboth_the-appr0priate>
chemical yield and the variation_of-the'beam intensity during.
the irradiation. .wnenever'possible,;the‘actlvities.were.correc~
ted for'precursor;decay before the'crOSsesecfion'calculatloh.
:If several gamma-rays of the Same»nuclide were observed"the'j
cross section was calculated from the welghted average of all

"the corrected gamma-ray 1nten31tles.

_IlI. Results and dlscuss1on

”_ ~The cross sectlons of about 250 nuclldes produced in
the reactlon of 20 MeV/A C w1th 19704 were determlned and
are tabulated in Table 1 and plotted in flgure 1a. Table 1
also 1ndlcates whether or not a- partlcular cross section 15‘
an independent yleld, the experlmental method by which it was
observed, and_the half life and principal.gamma-ray energy and

intensity wusedin the cross section calculation.

A, Fission products
Many of the observed fission products were members of
the same mass chain, so the charge dispersion could be obtained.
The -shape of the charge dispersion was assumed to be Gaussian,
P(Z) C exp ( -(Z -Z) / 202') The most probable atomic
number (Z ) seems to be well-reproduced with the linear equation
Z_ = 0.417 A + 1,4 . The charge dispersions of all fission

p
products (from 71< A <145) were found to have similar values

of the width parameter, 202 = 1.6 , except for mass numbers

~near those containing members with closed shells (Z = 50 or



N = 82), This is demonstrated in figure 2, where all the
fission data arescaled and plotted on the same axes,

‘The width we observe here is rather large compared to
those widths arising from processes at lower energy. In the

12 2 18.

reaction of 112 MeV '2C with '°'Au, the width 2g° is 0.9 '°.

The widths of the charge dispersions from the low energy fission
of uranium range from 0.80 to 0.95-19’20. The broadening ob-
served here results, in part, from the 1arge variety. of primary
reaction products wﬁfgg7§¥§§?;§?’and partly from the high an-
gular momentum of the fissioning nuclides. The dependence of
the width parameter on excitation energy is thought to be smallzo.
The data displayed in figure 2 gives a measure of the
confidence with which the charge dispersions of the fission
products can be described with the Zp and width parameter de-
tailed above. Using these values, the total chain yield for
each mass number can be estimated from the available experimental
data. The obtained mass distribution is plotted in figure 1b.

In this figure, the solid line represents a Gaussian fit to the

data points from A = 71 to A 145. The peak of this mass dis-

tribution is at A = 95.6. The full width .at half maximum is
about 38, which is. larger than those for the 126 MeV 1\41\1 induced

12

fission of '27Tau (FWHM = 30 4= 2)2', the 112 MeV '°C induced

12

fission of '9Tau (FwHM = 27)'8, and the 105 MeV '°C induced

1965y (pwEM = 29.2)%2, but is smaller than that for

fission of
the reaction products from 391 Mev 4%r + '®5Ho (FwHM = 60)2% for
which it is assumed that there is a contribution due to other
reaction procesées. If we assume that the charge distributions
of the fission products are the same as those of the fissioning
nuclei, ignoring the possibility of neutron emission from the

fission fragments, the "average" fissioning nucleus is near

19171,



Blann18 measured a fission cross section of 0.9 b in

the reaction of 112 MeV '2C with '9TAu. Gordon et.al.’’ gave

1.28 b for the fission cross section in the reaction of 124 MeV

120 witn 1,97Au, and Britt26 gave 1.35 b for 126 MeV'120'+ 197Au.
© Wilke et.al.24’have calculated fusion cross sections for the

- 12

¢+ 9y system’ét:a variety of ‘energies. For each of the
reactions listed above, the calculated fusion cross section

- is larger than the observed fiSsiqﬁ cross section. The cal-

';cﬁlated~fusion cross section invthe 20 MeV/A 120 + 197Au system

' is 967 mb. From the fit to the charge—dispérsion;cOrrected
" mass yield, skown in figure 1b, Qe_bbtain éﬁfisSion,cross |
1se9tiOn of 1700»mb. In this case there are fwb.significant
céﬁffibutions to the fission cross section: fusion-fission
" and fission following nucleon transfer (sequential fission). -

12

If one proton with the velocity of'thev C projectile is

 depositted in a '27Au nucleus tO'méke-198Hg*v,_the excitation

energy of the '2CHg is about 27 MeV. The fission barrier of

198Hg is only .22 Meve’,

28

When the evaporation cede ALICE“~, including pre-

equilibrium processes, was used to model the reaction of 240
MeV 120 +v197Au, the resultant fission'cross'section was 1700

mb. The initial exciton number was variedlfrom 12 to 20, but
this did not greatly affect the value of the fission cross
section. This is a not unexpected result since, generally,
fission occurs at rather low excitation energies, after several

25

nucleon emissions in this case. Gordon et.al. measured the

angular distributions of fission fragments in the 12C + '9liu
system at different incident projectile energies, They concluded
that the average excitation energy of the fissioning nuclei is

- independent of projectile energy. At high excitation, fast



procesees like particle emission dominate; the slower_fission
process cannot compete until the excitation‘energy has been
decreased to about 25 MeV. We do not consider the possibility
of "fast fission" processes since, in the reaction of 20 MeV/A
126 with 197Au, the critical angular momentum of fusion is 20 H
smaller than the velue of the angular momentum at which the fission
barrier of the compound nucleus vanishe324._

The determination of isomer ratios gives a rough measure
of the energy end angular momentum in the precufsor nuclides.
The isomer ratios measured in this work are tabulated in Table 2,
together with the isomer ratios for the same nuclides determined

in other reaction529'34. The isomer ratios of 116 119Te

Sn and
in the present work are very nearly equal to those obtained

1188n( x,3n)
121

from the complete fusion reactions 115-In(cX,3n) and

at Egp = 33 Mev>', The isomer ratio we have determined for Te

is only somewhat larger than that from 120Sn(O(,Bn) at E =

126

33 MeV>'. Ref. 31 gives an isomer ratio for St from the

124Sn(D(,pn) reaction at E, = 36.5 MeV which is similar to the

126S

(,3n) values given above. However, the isomer ratio of b

12

produced in the reaction of 94 MeV C with 209BiBS, which

proceeds largely via a complete fusion mechanism, is about

124’Sn(cx ,pn) reaction. The

2.5 times larger than that from the
small values of the isomer ratios for the fission products
obtained in our experiments is another indication that much

of the fission cross section arises from low angular momentum
sequential fission processes rather than from the high angular

momentum complete fusion process.

B. Target-like products
The cross sections of target-like reaction products

are plotted in figure 1 with the cross sections of the fission



products. As shown in figure 3, the charge dispersions of

A = 200 to A =204 can be fit with single Gaussian distributions.
with width parameters (2¢*2) of about 1.6 . For A = 196 to

A = 199, the charge-dispersions seem to have two components.

The high-Z nuclides can be described with a width parametervof :

2= O.6 o‘

1.1,4while the low=2 peaks-are much narrower, with 20
The mostvprobable‘charge associated with the smail width para-

- meter increases with mass number, cons1stent with a quas1-'
elastlc reactlon mechanlsm where ‘the reactlons are centered

'about the-(Z A) of the target. The more neutron def1c1ent-

o products described with the larger w1dth parameter are due to

some comblnatlon of complete fus10n, deep-lnelastlc and/or
_gvseveralenucleon-transfer processes, The;most probable charge'
of these products remains constant at 2 = 82 for huclei with

= 198 to A = 202. This is due, in part, to the effectvof'
the Z = 82 shell on the transfer process and on its effect on
the;fissionfsurvival‘probability of the primary reaction products.

: The ALICE calculation descrioed earlier did not repro-

duce.the cross sections of most of the target-like products;
The systematic behavior of the calculated cross sections was
contrary to that observed in the experimenf,vwith'cross sections
falling off from the compound nucleus (Z,A). The experimental
cross sections of the Tl, Pb and Bi isotopes are one to two
orders of magnitude larger than the calculated cross sections.
The calculation did reproduce the cross sections of the polonium

202 204p5,  This, and the sudden

isotopes, except for Po and
shift of the charge distributions away from Zp = 82 for A = 203
and A = 204 we attribute to the de-excitation of primary products
near the (Z,A) of the compound nucleus by the emission of non-

equilibrium high energy nucleons.



In figure 4, the cross sections of the T1, Pb, Bi and
Po isotopes are plotted vs. the Qgg for their formation via a
"compound nucleus", Volkov36 has used the Qgg method to extract
the nuclear temperature of partial fusion reactions from projec-
tile-like reaction products, assuming a binary reaction mechanism.

37

Jacmart et.al. were not able to reproduce a similar systematic

12

Q dependence., Here, the C projectile is so small that we

'aifume that the complementéry fragment for the production of
species at a significantly higher 2 thén the target nucleus
exists as a set of discrete, unbound nucleons. We have, in
effec*t, assumed for the purpose of the Q calculation that the

197Au(12

polonium isotopes are produced in C,pxn) reactions, that

197Au(12C,2pxn) reactions,

the bismuth isotopes.are produced in
etc. Since the binding energy of the neutron is positive for
all the target-like products, the mass numbers of the isotopes
of a given element decrease from left to right in figure 4. The
solid lines are drawn parallel to the linear fit to the bismuth
data. The strongest deviations from linear behavior occur in
the thallium isotopes, where the size of the complementary
fragments (4Be) for the more neutron deficient products makes
the discrete-nucleon assumption untenable. ©Since we are plotting
evaporation residue cross sections rather than the cross sections
of primary products, the slope no longer directly relates to the
reaction temperature; in fact, the slope is of the opposite sign
from that obtained by Volkov36.

The charge corrected mass distribution of target-like
products is shown in figure 1b along with that of the fission
products. In the case of A = 196 to A = 199, the quasi-elastic

component (closed circles) and the deep-inelastic component

(triangles) were integrated separately, then summed to give



the*datarplotted as open circles. The total crosslsection for
tne productlon of target-like products (A = 170 to 204) is'about
1760 mb. Comblned with the flSSlon cross section of 1700 mb,
thls glves a total reactlon cross sectlon of about 3 4 b, in
agreement wlth the value calculated by W1lcke et. al.24 of 3.3 b.
~ The 1sotop1c dlstrlbutlons for z =78 to Z = 84 are
plotted in flgure S. In general, there 1s a downward trend 1n
rthe product cross sections - as the mass and charge of the products
Mlncreasevfrom:the target (Z,A), The apparent exception for the
’mercury;iSOtopes (z2+1) is due to the faot,that.noSt;ofbthery
'observed cross sectionsvwere for only one half ofvan isomer
;palr;ovThetcross sections of the thallium‘(Z+2)andpbismuth

12

' 6244) isotopestare much lower than thoSe arising from the '“C +

-197Au reaction at lower pro;ectlle energles38

The isomeric yleld ratlos of target-llke products are

- tabulated in Table 2. - Due to the angular momentum'dependence
of“the_competitionrof fission to particle evaporation, the
obtained isomer ratios do not directly relate to the,angular.
momentum of the composite system or the Spin diStribution in the
primary reaction products. They do give some indication of the
reaction mechanism resulting in these evaporation residues.

The cross section ratio of high spin to low spin isomers in

198 196Tl and 197Hg are all larger than those for the typical

196 198

quasi-elastic proaqucts Au and Au,., Bven at these prdjectile.

energies, the "thermalization" of angular momentum in the quasi-

elastic channels is very small, on the order of that introduced

197

by 13 MeV neutrons in the Au(n,2n) reaction. The relative

196

sizes of the 198Tl and Tl isomer ratios we cannot explain.



IV. Conclusion

The cross sections of about 250 nuclides were obtained

1264 with 1974y,

in the reaction of 20 MeV/A

The charge dispersion of fission products had a Gaussian
shape with a width parameter (2¢72) of 1.6, which is larger than
those obtained from lowér energy systems. The FWHM of the mass
yield curve of the fission products was 38 mass units, and the
fission cross section was about 1,7 b, Both these values are
larger than those obtained in low energy heavy ion induced
fission. The broadening of the charge dispersion and mass dis-
tribution of the fission products may be attributed to the large
variety of fissioning nuclei of high angular momentum. The iso-
mer ratios of the fissiop products were similar to those measured
in low energy systems.

The charge dispersions of A = 196 to A = 199 have two
components, one corresponding to quasi-elastic processes, and
the éther corresponding to deep-inelastic and/or complete fusion
processes. The cross sections of higher Z elements were smaller
than those of lower Z elements in the trans-target element region,
contrary to the resuit expected from an evaporation calculation.
The summed cross section of target-like products was about 1,7 b,
The total reaction cross section was about 3.4 b, which is in

agreement with the theoretical estimate of 3.3 b,
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Appendix

The following are notes on the chemical procedures used
to separate the elements‘near gold from the fission products
and from each other.
Hafnium: After separation from the lanthanides, hafnium was
co-precipitated with barium fluorozirconatee The precipitate
was dissolved in boric acid and nitric acid, and a hydroxide
precipitation was performed by adding ammonium hydroxide, The
precipifate was dissolfed in a small amount of hydrochloric
acid, and loaded on an anion exchange column (Dowex AG 1-X8).
Hafnium was eluted with a 4N HCl1l-0.1N HF solution.
Tantalum: Tanfalum oxide was precipitated from fuming HNOB.
The precipitate was washed with NH4OH to remove tungsten (see
below), and then tantalum was dissolved in hydrofluoric acid.
Lanthanum hydroxide, antimony sulfide and barium fluorozirconate
scavenge procedures were performed. Tantalum oxide was re-
precipitated by adding boric acid in a nitric acid solution.
Tungsten: Tungsten was precipitated from fuming HNO3. After
dissolving in NH4OH and scavenging with Fe(OH)B, tungsten was
precipitated with 8=hydroxyquinoline in an ammonium acetate-
acetic acid buffer solution.
Rhenium: Rhenium was distilled from concentrated HZSO4 into a
NaOH solution., After scavenging with Fe(OH)3 and Ru(OH)3 pre-
cipitations, rhenium was precipitated with tetraphenyl arsonium.
In this work, however, we could not measure the gamma-rays of
any rhenium isotopes, probably due to their small cross sections
and the low chemical yield of this procedure.
Osmium: Osmium was distilled from concentrated HNO3 into 6N
NaOH,.and precipitated with hydrogen sulfide with the addition

of hydrochloric acid.



Iridium; After separation from platinum with an ethyl acetate
extraction, iridium was reduced to_the metallic state with

formic acid.

Platinum' Inltlally gold and thallium contamlnants were extracted
g'from a 3N HC1 solution w1th ethyl acetate (see below). Then

o y followed

platinum(IV) was reduced to plat;num(II).w1th Sn
by:aISilver chloride_écavenge. *Platinum(II) was extracted into_'
‘ethyl acetate, 'After evaporating the organic phase; platinum |
Was reduced to the metallic state w1th magne51um powder in

2N HC1. | o | |
'g gg;g: ‘Gold was extracted from 6N HCl Solution into ethyl

acetate.‘ The organic'layer'was transfered'to'a'beaker contain—

tlng/%ydra21ne hydrochlorlde solutlon, evaporated, and the
metalllc gold precipitate was filtered. _ |
Mercury: Mercury was preCLpltated with hydrogen sulflde from
0.3N HC1 solutiom, dlssolved with a sodium sulfide-sodium
hydroxide solution, and reprecipitated with ammonium chloride.
After dlssolv1ng the precipitate in concentrated HC1l and KI
solution, mercury was pre01p1tated w1th hydrogen sulfide.
Thallium: Thallium was extracted lnto.ethyl acetate from a

6N HCl solution., After separation from gold (see above), thallium
was precipitated with sodium iodide.
Lead: Lead sulfide was precipitated from 0.3N HC1l solution.
After washing with 6N HC1l, the lead sulfide was dissolved in
concentrated HCl. Finally, lead was precipitated'with sodium
chromate from an ammonium acetate buffer solution,

Bismuth: A bismuth sulfide precipitation was performed from a
o.3N-§ci solution, then dissolved in 6N HCl. Then a silver
chloride scavenge was applied. Finally, precipitation of BioCl

was obtained by digesting a dilute hyvdrochloric acid solution.



Polonium: (for gamma-ray counting) Gold and thallium were
extracted into ethyl acetate from 3N HC1l solution. Polonium

was extracted from a potassium iodidé-hydrochloric acid mixture
with ethyl acetate. After back-extraction with 3N HCl, polonium
- self-deposited onto a silver foil from a O.5N HCl.solution
containing hydrazine-hydrochloride.

(for alpha counting) The_chemical.yield of polonium in vola-
tilization experiments to produce alpha sources was determined
by the direct comparison of the 204Po gamma-ray activity after
the end of the alpha particle measurements with that obtained

in the chemistry described above, where 210Po_was used as a
tracer. With this method, however, the statistical error was-
large due to poor.counting statistics., Five test runs were
made with the voiatilizatidn apparatus using a known amount of
21OPQ evaporated on an aluminum foil. The chemical yield was
fairly constant, being (83 +- 4)%. This chemical yield was
independent of whether the polonium source was placed with the
activity side up or down, which means the evaporation yield is
roughly independent of source depth. The reproducible chemical
yield from the test runs was applied to the experimental runs,

and gave answers in each case which were consistent with the

204?0 measurements.
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TABLE 1. Cross sections measured in 20 MeV/A 12c 4+ 19Tpy.

Nuclide Cross section(mb) Typed Method?® Half life Ey(keV) IY<%) Ref

Tlas .336 +.053 CcD o 2.7 4 174.9 4. 15
12ps 1.21 *.19 I C,D - 1.083d 834.0 69.5 15
Tdps 8.49 +1.24 1 c,.D 17.70d4  595.9 59.2 15
T6As 14.7 2.1 I C,D 1.096 @ 559.1 44.6 15
TTas 18.6 3.2 CR €  1.6134d 239.1 1.4 15
18as 17.6 3.6 CR Cc.D 1.510 b 613.7 31. 15
T3se .288 +.060 CD cC ~ T7.18n  360.9 97. 16
75Se 5.08 .22 ' CD C 118.45d  264.65 58. 16
8lsem 21,1 +15.6 CR c 57.28 m  102.7 9.7 16
82pr 23.9  +6.7 1 D 1.479 4 698.2 27.9 15
84prm 7.46 +1.13 CR D 6. m 1462.8 97. 16
85K rm 2.99 ¥1.35 CR D  4.481'nh 151.3 76.1 15
83k 12.6 8.3 CR. D 2.8 h  196.3 26.3 16
82ppm 2.90 +2.40 I D 6.2 h 618.9 37.17 186
84ppm 12,8  *4.1 I D 20.405 m  247.9 65. 15
34ppe 2.92 +1.70 I o 32.77 4 881.6 4, 16
86rp 4.66 +1.74 I o 18.82 4 1077.2 8.79 16
83sr 1.31 +.34 CD o 1.35d4  762.5 29.4 15
855rm 463 +.148 I c 68. m 231.7 84.5 16
8srg 131  Fl1.1 I o 64.85 d  514. 100. 16
31, 129 +3.4 CR C  9.5h  1024.3 33.4 16
92sr 5.07 *.56 CR C,D 2.7l h 1383.9 90. 15
93sr 764 +.181 CR o 7.43m  5390.18  73. 16
85ym 688 +.100 cD c 4.7 h 231.17 13. 16
85vg 109 ¥.023 cD c 2.68 h  504.5 64. 16
86ym 2.13 $1.72 I C.D 48. m 208.2 94. 16
86yz 3.25 +.16 I C.D 14.74nh  627.72  32.6 1§
87ym 11.3 . #2.0 cD c.D 13.2h 381.1 8. 16
87yg 13.6 2.8 I D 80.3 h 484.8 92. 16
83y 26.3 1.8 I C 106. 4 898.0 92. 15
90ym 35.7 6.4 1 c 3.19 h  202.4 97, 15
9lym 32.5  +2.5 I D 49.694 m  555.6 94.9 15
92y 20.6 +6.9 CR C.D 3.530 h  934.5 13.7 15
93y 16.3 2.8 CR C 10.2 h 267. 6.8 16
34y 6.71 +1.08 CR o 18.7 m 918.8 56. 16
95y 2.65 +.48 CR o 10.3 m 954.2 19. 16
862, 438 +.104 CD c 16.5 h 243.0 96. .15
872r 280 ».263 cD c 1.57 h 1228, 4. 16
83zr 3.19 +.18 CD c.D 85.d 392.8 97. 15
89zr 10.5 +1.6 CcD c 3.271 ¢ 909.2  100. 15
95zr 25.3 16.6 CR c 64. d 756.7 54.6 16
972r 4.73 .12 CR c 16.9 h 743.4 92.8 16
90Ny 3.50 +.76 CD C 14.6 h  1129.2 92.66 16
2npm  19.7  118.4 I C.D 10.14d 934.5 99.1 15
95Nb8  46.8  12.5 I c,D 35.14d 165.8 99. 15
I6np 35.6 +10.2 I D 23.501 h 1091.3 49.4 15
I7Nb 28.0 +.04 I c.D 73.62m  658.1 99, 15
98Npm 8.23 +1.69 CR D 51.005m 787.2 95. 15
93mom 3.13 %.09 cD o 6.95 h  1477.2 99.1 16
93M0 33.2  £2.7 CR D 66.02 h  739.6 14, 16
102y 3.35 +1.45 CR D 11.0m 475.0 59. 15
9d1¢ 623 +.351 CD C 293. m 871.01 100. 16
951¢ 3.32 .17 D c 20. h 765.8 94. 15



'TABLE I. continued.

Nuclide ‘Cross sect.ior_x(nib_) Type3 Method® Half life E'y(keV) 17(%) Ref

96re  6.71 £1.60 I c,D 4.3d  '849.9 97.8 15 .
- 397cm 6.96 +.14 1 D 6.02 h- 140.5 89. 16
101 10.2  +1.6 I D 14.00m ~ 306.8 ° 83.7 15
1021cm 15.4 +.8° 1 D T4.35m . 474.8 85.0 16
1047 . 4.95 +.18 CR D 18.00 m~  357.8 84.4 15
© 97Ry o 1.61 #.14 CD c.D 2,894 215.7 .- 87.6 15
103y © 51.0 +1.1 CR c.D  39.64d 497.1 90, 15
L05Spy 17.8  +.3 CR C,D  4.44n . 469.4  17.5 15
100gy, = "2.30 +.13 I c 20.8 h 539.6 78.4 16
101ppm 5.03 &.21 € C,D  4.344  306.8. .100. 15
C105pn - 28.3 £1.9 1 C - 35.4Th  318.9 19, 16
106ppm - 14,1 +.4 I C,D 130. m 717.2 - 19.2 16
108pnB " 7.04 3.33 CR D 59m 434.2 100, 15
- 100pq - 123 +.009 co C 3.63 d 539.6f  78.4 16
C10lpg © 510 +.043 CD C  8.47Th - 296.29 18, 1§
108p4 25.5 +.5 CR C  13.427Th  88.04 3.6 186
- 11lpgm 2.87 +.70. CR C  5.5h  -1712:2 32.33 16
12py 2.10 .03 CR o 21.12 n  617.4F 42, 16
103,g 376, 2.124 co.  C - 1.095h- 118.7  22.2 15
104pgm - 600 +.393 1 cC . 33.5m  767.6f  65.78 16
104,08 L <.s1e I C . 69.2m  767.6.  65.78 16
105,g 4,21 .15 CD. . C - 41.0.d  344.4 42. 15
106agm 6,43 +.08 1 o 8.410 4 1045.7 29.7 15

10pgm 237 +.6 I c 253. 4 657.7 . 93.8 15
1llpg 36.2. £3.8 14 . c 7T.47d  342.1 - 4.6 15
12pg - 13.8 - +.4 S o 3.14h  617.4 42, 16
3ag 12,8 £.4 CR c 5.299 b 298.4 8.2 15
107cq .~ 1.53 +.55 D C  6.499h  93.1 4.6 15
Hlegm 18,1 "+1.2 I C.D 46.8m - 245.4 94, 15
115¢cqg 1.42 +.48 CR o 2.221d 527.9 27.5 15
109y 1,16 +.41 cD c - 4.301 h  203.5 72.1 15
1107 m 2.64 +.59 1 c,D 4.901 h  844.7 94.9 15
11l -~ 6.85 +2.38 le:s) o 2.83 d 171.3 90.3 15
Hdrpm 155  45.5 I o 49.5d4  558.3 4.7 15
1167 ,m 12.8  +4.8 1 C.D 54.10l m 1293.4 85. 15
I15gy 5.64 =1.06 cD c 31.8 m  498. 99.1 16
116gpm 4.26 .86 I c.D  1.005n 972.% 2. 15
l16ghe 3.13 +.99 1 D 15.998 m 1293.7 88. 15
118gpm 9.87 +.43 I c.D 5.1 h 253.5 99, 16
120gpm . <.69¢ I o 5.8 h 1023.1 99. 15
1205,B 6.66 +.42 I c.D 5.76 4 1171.7 100. 16
1225y 4.73 +.38 I o 2.681 4 564.1 70. 16
1161e 1.27 +.11 cD c.D 2.50 h 94.1 29, 16
HTre S <. 19¢ CD o 6l. m 719.17 65. 16
118t 7.99 =+2.49 I o 6.0 d 1229.5f 2.5 16
1137em 5.83 +.38 I o 4.68 d 153.5 66. 16
1187e 1.93 £.17 I c 16.05 h  644.01 84, 16
12lrem  10.5 +1.4 I C . 154. 4 212.2 83. 16
121Teg 1.83 +.39 I c.D 16.78 4  573.01  80.3 16
1231em 6.51 =+.25 I o 119.7 d 159, 83.6 16
118y 1.79 +.48 cD o 14.3 m 605.2 95. 16
119 568 +.242 ch o 19.296 m  257.6 95§. 15
6.1 =153 I c 53. m 560.4 100. 16



TABLE 1. continued.

Nuclide Cross section(mb) Type? MethodP Half life Ey(keV) Iy(%) Ref

1201g 1.05 +.23 CD o 1.35 h 560.4 73. 16
121 4.14 +.29 cD c.D 2.12h  212.5 84.3 15
1231 9.31 +.77 cD c.D 13.099 h 159.1 83. 15
1241 §.39 +.78 1 o 4,174  602.7 62. 15
1261 3.37 +.715 I o 13.0 d 388.6 34.9 15
130 542 +.117 I c 12.36 h  668.4 94, 16
127y, 14.2  +1.9 cO D 36.4 d 202.8 §0.8 15
129¢5 4.64 =+.65 cD c 33.35 h  371.9 32. 16
132¢ .683 +.083 I o 6.474 4 667.5 97.5 16
126g, 2.55 +.50 cD c 100. m 388.6f - 42. 16
128p, 1.61 +.45 cD c 2.43d  443.F 25.8 16
131gam 2.19 +2.04 I c.D  14.60m  107. " 56. 16
131p,g 4.90 +.95 CD c,D 12.04d 123.7 28. 16
133pam 1.08 +.34 I o 38.9 h 275.6 17.5 16
1301 5 797 +.465 I o 8.7m - 357.3 81. 16
1311 5 1.81 +.97 cD o 61. m 108.1 24. 16
132 zm 4.60 +3.10 I D 24.30T m  135.8 43.0 16
1321 28 2.02 +.54 I c . 4.8 h 464.55 76. 16
134y 5 4.42 +1.95 I C 6§.6Tm  604.7 5.04 16
1361 4 4.83 +2.23 1 o 9.87m  818.51 2.6 16
130ce 163 +.157 CcD C .25.m 357.3F  81. 16
131ce 2.90 +.92 cD c 10.5 m 169.6 20. 16
132¢e .824 +.160 CD c 3.51 h  464.55F 76. 16
133ce 479 +.086 cD o 5.4 h 130.7 42.0 15
134ce 1.59 +1.189 CD o 75.9 h 604.7¢ 5.04 16
135ce 3.03 +.55 cD o 17.6 h 265.3 46. 15
137cem 1.29 +.05 I c 34.4 h 254.3 11.1 16
137cesg 2.92 +.96 cD o 3.0 h 447.15 2.2 16
133¢e 3.16 =+.57 cD cC 137.24 165.9 80. 16
141ce .038 +.011 CR o 32.55 d 145.4 49.3 16
136py 927 +.146 I o 13.1m 539.8 52.44 16
138p,m 1.44 +.43 I o 2.02 h 789.0 100. 16
136Ng (451 +.114 cD c 50.65 m 547.9 12. 16
137ng 571 +.141 CD o 38.5 m 580.6 13. 16
138Nng 2.02 +1.20 CD o 5.04 h 326.3 2.9 16
139yqm .872 +.045 I c 5.5h 113.9 39.55 16
140ppm 269 +.125 I c 5.95m  419.9 91.63 16
14lpp 2.53 +.94 cD c 20.9 m 1223.26 4, 16
l44py .803 +.665 I c 349. d 696.5 100. 16
141gmm .300 +.090 cD c 10.2 m 403.9 42.4 186
l4lgng 192 +.054 cD o 22.5 m 196.6 73.6 16
1425y 269 +.114 cD c 72.49 m 1576.f 3.0 186
145gy .398 +.071 cD c 5.93 d 893.5 65. 16
146gy 429 +.102 I C 4.74d 747.2 97.8 15
147gy 770 #.173 I c 24.3 d 197.3 23, 15
148g, .286 +.001 I o 54. d 550.2 99, 16
14564 .200 +.070 cD c 21.8 m 1757.8 35. 16
146c4 079 +.025 cD C 48.3 d 115.3 45. 15
14764 .286 +.068 CD c 1.458 ¢ 229.3 57.0 15
14964 429 +.021 CD o 9.25 d 149.7 53.37 16
1471y 123 +.049 CD o 1.61 h 1153, 75. 16
15l .329 +.157 cD c 17.6 h 108.1 25.22 16
1527y 234 +.021 ol o 17.5 h 344.3 66 16



|« TABLE I. continued.

Nu’clide;C.x-css's'ect.i'v:.urx(mb)_‘I‘yp'e_a Method® Half life Ey(keV) Iy(%) Ref

153ty - 411 £.027 I o 2.30 4 211.94 40. 16
1351p .376 +.066 cD C . 5.324d 105.3 23, 16
156ty . 049 3.010 I > 5.35d 534.3  67.0 16
152py - 215 +.040 e - C 2.37 h 257, - 97.6 16
133py- -~ .877 £.099. cb. ¢ 6.2 h  254.23 5.0 16
 I195py 332 +.063 - ¢ - C  10.h 227 - 68, 16
o 15Tpy .337 +.063 cD c 8.1 h  326.3 95.0 15
156y - .460 +.070 cD ¢ 54.994 m 266.4  72.3 15
160g, - .126 +.050 e ' cC 1.225 4 728.1f ~ 61. 15
181g, .225 %.045 cD c 3.24 h ~ 826.5  61. 16
- 18Ty J114'+.087  cd - Cc  9.25d . 207.8 41.0 16
o 166y 224 +.127°. cd € . 56.Th 184.3F 15,9 16
18Ty - 086 £.073 1 cC 17.7m  113.32 54, 16
163y - .118 +.049 - €D c 34.06 h 191.2° 21.55 16
1704 -, <. 05¢ co cC 15.92 h  164.78  33. 16
3ye 110 +.007 1 c 24.0 k- 123.69 ° 83. 16
17314 .064 +.004 cD c 3.701l h 123.69f 83. - 16
17413 - 057 +.057 cD c 1.2 b 206.5 66.2 15
17512 164 +.017 CD. C - 10.5h 207.4 13.3- 15
1761a 197 +.028 cO - C 1 h - 1159.3 24.0 15
RIS .192 +.025 cD c .358 4 113.0 §.0 15
17872 - .014 +.005 I c .45 h  325.6 94.1 16
176y 150 £.010 - ¢D o .3h  100.2 1. 15
1Ty .141 £.013 cD c .25 h  115.7  43.0 15
178y .680 +.623 CD c .5d  1350.6f 1.17° 186
130ps- 331 +.103" cD C T 902.4f 98, 16
181psg .107 +.008 CD c .m 238.7  46.2 16
18205 - J12 +.08 cD o .10n  180.2 33.152 16
183ggm .864 +.044 cD o 9h  1102. 55. 16
183058 ©.625 +.039 cD - C . h 114.4 - 19.8 16
18350s .37 +.19 CD o 3.64d 646.07 81. 16
1347, ) <3.5¢ cD D .100 h - 119.8 33.2 15
1861, m i <4.4¢ I D .15 h 630.3 19.3 15
1881, 6.83 +1.22 I o .72 4 633.1 22. 15
186py, 2.15 .07 o c 2.0 h 434.8F  33.7 16
- 18Tpy 5.17 +.27 c® C 2.35 h  201.5 7.6 15
188py ~ 19.0 .5 co  C 10.2 d 187.6 19.2 16
183py ~ 34.5 +.6 cD c.D 10.87 h- - "243.5 4.4 15
191py 9.03 =+.22 I c 3.04  409.4 7.9 15
197py 1.8 +.11° CR C 18.3 h 191.4 3.485 16
183 a4y 1.1 2.7 cD c 28.7 m 721.4f 5.8 16
1904y 11.7  +1.0 I c 2.8 m 296.0 71. 16
1914y 1.1 +.6 I c 3.199 h  586.4 19.2 15
132 py 7.97 +.76 I o 5.03 h 316.6 89.4 15
193a0 10.5 +1.8 Ie c 17.5 h 255.6 7. 16
194,y 32.9  +2.5 I c.D 33.5h 328.47 6l. 16
196 pym 5.80 +.38 I c.D 9.701 h  147.7 42.0 15
196408 - 139. +7. I c.D 6.18 d 355.7 88.0 15
138 pym 1.23 +.14 I C 2.271d 214.9 78.7 15
138au8 . 17.9  +.9 I o 2.69 d 411.8 94.7 15
199 5y 794 +.122 CR c ©3.148 4 158.24 39. 16
190yg 19.6 <+.8 cD D 20.002 m  142.7 96.0 15
191yg 26.7 +1.5 CD o 50.8 m 252.6 55.1 15



TABLE 1. continued.

Nuclide Cross section(mb) Type? MethodP Half life Ey(keV)

Iy (%) Ref

25

for

192y 23.5  +4.7 I C 4.901 h 274.8 46.1 15
133ygm 23,1 +1.1 I c.D 1l.1n 407.7 28.6 15
1854gm 22,7  +4.2 I c.D 1.667 4 261.8 44.0 15
137ggm - 28.7  45.4 I o 23.8 h 133.9 34.3 16
197yqe 3.13 +1.53 I C 64.14 h 77.35 19. 18
199ygm 8.63 +.85 I D 42.595 m  158.4 58.4 15
1921y 35.1 9.2 cD c.D 10.7 m 274 .8f 46.1 15
19311 45.8 +12.6 cD c 21. m 255.68 7. 16
19411m 38.7 +3.4 I C,D 32.8 m 748.9 1. 16
1841 33.2  +11.9 cD C,D 35.107m 645.5 13.0 15
18511 208. +13. I o 1.16 h  884.5 3.6 15
196Tim 88,0 +5.1 I o 1.410 h 426.3 92. 15
196712 5.63 +1.56 I o 1.90 h 6§10.6 12.4 15
1371y 52.9 3.7 I C 2.837 h  308.5 4.36 16
198T)m 16.3 1.5 I o 1.870 h  282.8 27. 15
133118 9.81 +1.27 I o 5.3 h 1420.6 8.0 15
1991y 4.49 +1.05 I o 7.399 h  455.1 13.6 15
2001 .324 +.006 I o 1.088 4 368.0 91.0 15
2011y 093 +.013 I o 73. h 167.4 8.0 15
2021y .030 +.013 I o 12.2 4 439.4 94 15
~ 195pp 27.3  +6.4 CD D 17.006 m  383.5 93.5 15
196py 30.0 +3.4 CD o 36.994 m  425.7f 87.2 - 15
137ppm 23,3  +1.6 CD o 42.005 m 385.6 77.2 15
138py, 7.48 +1.58 I o 2.4 h 365.4 32, 15
133py 4.71 +1.01 cD c.D 1.5 h 366.9 79.0 15
200py 1.31 +.25 1 o 21.499 h  147.6 28.3 15
201py, .252 +.013 I C 9.401 n 331.2 81.4 15
202ppm .085 +.035 I c 3.619 h 9606.7  91.3 15
203pp,. .006 +.002 I c 2.171 4 279.2 81.0 15
193g; 6.29 +.49 CD D 11.85 m  1063.5 100. 15
200p; 623 +.143 cD o 36.4 m 1026. 100. 16
201lp; 127 +.005 cD c 1.8 h 331.2f  81.4 15
202g; 030 +.012 I c 1.67 h 961. 100. 16
203gj 016 +.012 CD c 11.8 h 820, 29. 16
204p; 005 +.002 I C 11.2 h 899, 100. 16
138pq 780 +.100 I RC 1.78 m « (6.183 70.)h 16
138pom .183 +.037 I RC 4.2 m o« (6.060 39.)b 16
200p, 089 +.020 I RC 11.6 m « (5.864 14.)h 16
202p, 034 +.012 cD c 4. m 686.9 47. 16
204pq 016 +.012 CD o 3.52 h 1016.1 43, 17
a. Il:Independent, CD:Partially cumulative from EC or f*, CR:Partially
cumulative
from f3~.
b. C:Chemically separated, D:Non-destructive, RC:Rapid chemistry
a-counting.
¢. Peak was observed, but large error,
d. Not corrected for !llpdg.
e. 193Hgm/193Hgg=3 was assumed.
f. Obtained from daughter nuclide.
g. Obtained from grand-daughter nuclide,
h. a-energy in MeV,
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TABLE 2. Isomer ratios ("high spin/(riow spin

) from the reaction

f. Reference

34

of 240 MeV '2¢ with 97au.

.Nuc;ide |  Spins | %g;? , presehtW6rk ' ”ci?, other reactions
3435'-fwg(6-),~2-w C4ub 2.5 o N

LR 9/2+, 1/2~ 28 +- 9 0.67% A(ngs YD) v
58§Y, g+, 4= 0.66 += 0.59 0.45° (p,an); Ep=66o eV
Mbsy 8-, 3+ 1.4 += 0.6 2.03 += 0.10° (&,3n), E,=32.3 MeV
90 11/2-, 1/24 3.0 4= 0.8  2.70 += 0.05° (ot,3n), E,=33.4 MeV
1210e 11/2=, 1/2+ 5.7 += 2.1 2.00 += 0.30° (ot,3n), B, =33.4 MeV
13210 6=, 2- 2.3 4= 1.9

1804, 5+, 2= 0.87 += 0.70 | | ‘
19644 12-, 2- 0.042 4= 0,011 0,054 += 0.004% (n,2n), E =13.4 MeV .
P (124), 2- 0.069 += 0.023 | |
974 13724, 1/2- 9.2 += 4.8 1.04 +- 0.15% (d,2n), E4=21.4 MeV
19601 (7+), 2(-) 15.6 += 4.4 |

1987, T+, 2- 1.66 += 0.50 12 (a,3m), E =35 MeV
a, Reference'29

-b. Reference 30 .
'c. Reference 31

d. Reference 32

e. Reference 33



Figure Captions

1. Cross sections from the reaction of 240 MeVv 12C with 197Au.

(a) Individual cross sections. Circles denote independent
cross sections, triangles denote partially cumulative cross sections
from 6+ or EC decay, and squares denote partially cumulative cross
sections from B8~ decay. Solid points denote the cross section for
one-half of an isomer pair.

(b) The charge-dispersion-corrected mass distfibution. The
meanings of symbols other than circles for target-like products
are described in the text. The full curve is a result of Gaussian
fitting the fission products, and the dashed curve is that from

12C + 197Au

Ref. 18 describing the fission distribution of 112 MeV

2. The cumulative charge dispersion of the fission products.
Circles denote independent cross sections, triangles denote partially
cumulative cross sections from B+ or EC decay, gnd squares denote
partially cumulative cross sections from B~ decay.

3. The charge dispersions of target-like products for A = 196 to
A = 204. Circles denote independent cross sections, triangles
denote partially cumulative cross sections from 8+ br EC decay,
and squares denote partially cumulative cross sections from B
decay. Solid points denote the cross section for one-half of an
isomer pair.

4. The dependence of the isotopic distribution of high Z prbducts
on Qgg' The calculation of Qgg in this case is discussed in the
text. Circles denote independent cross sections, triangles denote
partially cumulative cross sections from B+ or EC decay, and

squares denote partially cumulative cross sections from B decay.
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5;1;The isotopic distributions of target-like products. Z refers
to the atomic number of the targét nucleus (79). Circles denote
indepéndent cross sections, triangles denote partially cumulative
éross sections from 8" of'EC decay, and squares denote partially
cumulative cross sections from B-vdecay. Solid ﬁoints denote
the c£oss secﬁioh for one-half of-an'i$omer pair..

)
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