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r1ASS YIELD DISTRIBUTIONS IN THE REACTION 

OF l36xe IONS WITH 238u* 

R. J. Otto, M. M. Fowle~, D. Lee and G. T. Seaberg 

Lawrence Berkeley Laboratory 
and. 

Department of Chemistry 
University of California 

Berkeley, California 94720 

Yields of 131 gamma-ray emitting nuclides were 
measured radiochemically to delineate the mass distribution 
in the reaction of 1150 MeV 136 Xe with a thick 238 U target. 
Six components attributed to either the quasi-fission or 
the quasi-elastic transfer mechanisms were observed in the 
mass distribution. An upper limit of 20 mb is given for. 
the fusion-fission process. Neutron-deficient product 
!!lasses in the region 180 <.A<. 210, colloquially referred to 
as the "gold finger," are explained as heavy quasi-fission 
products that have survived de-excitation without undergoing 
subsequent sequential fission (ternary fission) . 
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Attempts to synthesize the "superheavy elements" via 

the reaction of heavy ions with heavy ta~gets has stimulated 

considerable interest in the mechanisms of these interactions~ 

The reactions of Kr and Xe ions with uranium are of particular 

interest because of the possibility of producing superheavy 

elements. The radiochemical mass-yield distribution study 

for the reactidn of 605 MeV 84 Kr with 238u by Kratz, Norris 

and Seaborg1 elucidated tne complexity of the nuclear 

reaction mechanisms taking place and the variety of products 

formed when a fissionable target is used. Seven components 

resulting directly or indirectly from three basic reaction 

mechanisms were identified in their study. The quasi-elastic 

transfer mechanisms resulted in two narrow distributions of 

products, "rabbit ears," peaked at the mass numbers of the 

target and projectile; in addition, about one-third of the 

heavy (target) quasi-elistic transfer produc~s underwent 

fission, resulting in an asymmetric binary fission 

distribution. A new reaction mechanism known by several 

names as "deep inelastic processes" 2 , "quasi:.:_fission"3, 

"relaxation p~enomena" 4 , and ''strongly damped collisio~s" 5 , 

resulted in a "quasi-Kr" product distribution. A symmetric 

"quasi-ternary" fission distribution of products attributed 

to the high energy binary fission of the complementary heavy 

"quasi-U" fragments was also seen (we h!=lve adopted the 

"quasi;, nomenclature to describe these complementary deep 
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inelastic components). Based on fission products in the 

mass region 160 to 180, about 4% of the total reaction 

cross section was attributed to the fusion-fission mechanism. 

Neutron-deficient yields near gold with A~l95, later 

colloquially referred to as the "gold finger," were not 

explained at that time. 

We have made a similar radiochemical mass-yield study 

.of the reaction of 1150 MeV 136xe with a thick depleted 

uranium target. We have measured formation cross sections 

that represent integrals over the energy and angular distribution 

of the products and over incident beam energies from the full 

energy (1150 MeV) 4own to the reaction barrier. Two depleted 

uranium targets (30 mg/cm2 ) were irradiated with 136xe ions 

at 1150 MeV.· The first target was bombarded with a total of 

2 x 1015 xenon ions and was radiocbemically analyzed for. 

"superheavy elements" 6 . The second target, irradiated for 

one hour, received a total of 4 x 1014 xenon ions and was 

used for the mass-yield studies. This target was dissolved 

and subjected to the same radiochemical group separation 

scheme7 used in the Kr + U experiment
1

• In this case, 

the superheavy element fraction and lead fraction were 

combined. Six chemical fractions were obtained within a 

few hours after the end of the bombardment. The samples 

were periodically assayed for gamma-ray activities between 

40 KeV and 2000 KeV over a period of about three weeks. 

Over 130 nuclides were identified in the six chemical 
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fractions on the basis of gamma-ray energy, half-life and 

relative abundance. Chemical yield corrections were made for 

the six chemical groups based on previous tracer experiments. 

Experimentally determined independent and cumulative 

yields for individual isotopes are plotted versus mass number 

in Figure l(a). Charge dispersion descriptions were then 

determined for small segments of the mass region shown in 

Figure l(a) by applying the following iterative procedure: 

(1) a charge dispersion description was assumed; (2) independent 

formation cross sections were calculated for all nuclides in 

the chosen segment of the mass distribution using the assumed 

charge dispersion description along with growth and decay 

relationships; (3) the independent formation cross sections 

were plotted versus z-zp, and a new charge dispersion description 

was obtained (Zp represents the most probable isobaric charge). 

The entire procedure was then repeated, often w.ith two 

overlapping gaussians having separate zp functions. Total 

chain yields were calculated from the final charge dispersions 

and the resulting mass-yield distributions were plotted. 

Figur~ l(b) depicts contours in the Z-A plane bf constant 

independent yield and ZP lines derived from the final charge 

distributions. The isopleths show the overlap of several 

mass-yield distributions and their displacement with respect 

to the line of beta ·stability. Figure l(c) shows the final 

chain mass-yield distributions for each of the regions 

identified in the charge dispersion study. 
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Component A is shown as an upper limit based on the 

sensitivity for detection of heavy rare earth nuclides in 

the region of A~l80. This region of A corresponds to prompt 

symmetric binary fission of the compound nucleus. If we· 

assume a gaussian shape with full width half maximum of 146 

mass units1 , we calculate an upper limit of 20mb for the 

fusion-fission process. Component B is based on the neutron

excessive yields of 125sn, 1 27sn, 128sn, 129sb, 130sb, 13lmTe 

and 132Te. Based on the Kr + U results, a mass distribution 

corresponding to the fission of 238u with ....... 15 HeV ~xcitation 

energy was fit to these data. Component C was determined 

from neutron-deficient charge dispersions in the regions 

122 ~A~ 135 and 135 ~A~ 160. Component D was obtained by 

subtraction of the low energy fission contribution (component B) 

from the neutron-excessive cumulative yields representing 

greater than 90% of the chain yields for the,composite charge 

dispersion description. - Cross sections for products near 

13 6xe that w~re clearly not on the charge dispersion curve 

in the A= 136. region were attributed to component E. Likewise, 

238 cross sections for products near the U target were used to 

define component F. Component G is based on the same neutron-

deficient charge dispersion formula used for component C. 

~ecause of the rapidly varying chain yields, the charge 

dispersion was not well defined in the region 180~A~210. 

However, experimentally determined ind~pendent yields for. 

194Au and 196Au, corrected for the slope of the mass distribution 
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in this region, are consistent with the assumed charge 

dispersion. Finally, components H and I are based on very 

neutron-deficient yields of light rare earth isotopes. 

Th th 1 f . f 136 ese two components are · e resu t o react~ons o Xe 

respectiv~ly with Al and Mg, and with Ar 8 impurities in 

the uranium target and its support. A comparison of the 

integrated cross sections for components A through G is 

given in Table 1. 

Many similarities ~nd several important differences 

are seen when the present Xe + U and the Kr + u1 results are 

compared. On~ important difference is that there is no 

indication in the Xe + U mass distribution that the fusion-

fission proces~ has occurred. The elastic transfer mechanism 

can be assigned to components E and F [Figure l(c)]. The 

asymmetric fission distribution, component B, is the result 

of low excitation energy induced fission of the heavy elastic 

transfer product near 238 u. The reported c~oss section for 

B/2 (Table 1) includes a 15% correction for recoil loss of 

these fission products. Because of a combination of recoil 

losses, short half-lives and stable reaction products, the 

mass distribution for component E could not be independently 

determined and therefore was taken to be equal to the cross 

section of the heavy "rabbit ear" plus half of the asymmetric 

fission distribution. The mass distribution of the quasi-Xe 

(deep inelastic component) formed in the quasi~fission process 

is identified as component C [Figure l(c)]. This light quasi-

-· 
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fission produs;:t mass distribution appears to be skewed to 

the heavy mass side. About 75% of the complementary quasi-U 

fragments undergo high energy binary fission resulting in 

the broad symmetric fission distribution shown as component D. 

This process has been referred to as quasi-ternary fission
1 

Component G, colloquially labeled as the "gold finger" and 

unexplained. in the Kr + U results, can be attributed to the 

quasi-fission (deep inelastic) reaction mechanism. This 

represents quasi-U products that have survived de-excitation 

without undergoing fission. The Xe + U "gold finger" is no 

longer peaked in the gold region but extends up to 210At. 

There is also nb indication of a gradual decrease in cross 

section for heavier masses, possibly because isotopes heavier 

than A= 210 typically are short-lived alpha particle emitters 

not detected ln this work. Formation cross sections for· 

224Ra, 228Ac and 22 8Th are plotted in this region~ 

The above interpretation is supported by a mass balance 

of the composite mass distribution. Complementary masses and 

charges in the quasi-Xe and quasi-U distributions (components C 

and G) plus 20 neutrons derived from the final ZP functions 

account for all of the mass and charge of the composite 

system (A=374, Z=l46). Although the charge of complementary 

quasi-fission,products indicate that no charged particles 

were evaporated, we find that the unchanged charge distribution 

ZP formalism which we used. is not very sensitive to the 

detection of th~ possible evaporation of charged particles 
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with N/Z:::::: 1, such as alpha particles or 12c particles. The 

sum of one-half of the quasi-ternary fission cross section 

(D/2) and the cross section for quasi-U products {G) is 

540 rnb. This, within error limits, is equal to the 600 mb 

cross section for the quasi-Xe products (component C), as it 

should be according to our interpretation. In addition, we 

have made a radiochemical mass-yield study of the reaction 

of 730 MeV Kr with a thick bismuth target. The quasi-Bi 

mass distribution shows the same trend seen as component G 

in Figure l(c) with the exception that it extends up into 

the bismuth region. In Table 1 we see that a larger fraction 

of the total reaction cross section for Xe + U than for Kr + U 

has gone into quasi-fission. The total reaction cross 

section is given by the sum of the components A/2, c, and E, 

and is thus experimentally determined to be 1200 ± 200 rnb. 

If 15.0 fm is taken as the grazing distance~ then the coulomb 

barrier for 136xe on 238u is 748 MeV in the lab system. The 

mean geometrical cross section is estimated from these values as 

= 
(BE 

JE (1 - B/E) dE = 1412 rnb 
E - B 

where B = 748 MeV, R = 15.0 fm, E = 1150 MeV. This is 

larger than the experimental value. On the other hand, one 

can use the experimentally measured cross section to estimate 

an "eff~cti~e" reaction barrier. In this case, we calculate 

the "effective" reaction barrier to be 800 ± 45 MeV, which is 

-.. 
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higher than the classical coulomb barrier. This trend is 

in agreement with the work of Lefort et al.9 in which they 

also propose quasi-fission reaction barriers that are higher 

than the classical coulomb barrier. 
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Table 1. Cross Section Comparison 

Label 
Mech~nism Figure 1 

Fusion-fission 

Quasi-elastic transfer 
induced fission 

Quasi-fission (light 
product) 

Quasi-ternary fission 

Quasi-elastic transfer 
(light product) 

Quasi~elastic transfer 
(heavy product) 

Quasi-fission (heavy 
product) 

Quas:i.-Fission 

Quasi-,Elastic Transfer 

Total Reaction 

', ... 

A/2 

B/2 

c 

D/2 

E 

F 

G 

crQf =C = D/2+G 

.. aET = E = B/2+F 

crR = A/2+C+E 

Cross Section 
Xe + U Kr + U [1] 

~. 20 mb 55± 15 mb 

"' 185 mb · 200± 40 mb 

600±125 mb 470± 70 mb 

400± 25 mb 420± 60 mb 

600 mb 700±120 mb 

"' 415 mb "' 420 mb 

"' 140 mb "' 40 mb 

600±125 mb 470± 70 mb 

"' 600 mb 700±120 mb 

1200±200 mb 1265±205 mb 

...... 
r:v 
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FIGURE CAPTION 

Fig. ·1 (a) • Independent· and cumulative yield formation cross 

sections for individual isotopes. (Based on effective 

target thickness [17 mgjcm2 2 38u] between incident 

energy 8.5 MeV/AMU and interaction barrier of 

5.5 MeV/AMU.) 

l(b). Contour lines for equal independent yields in 

millibarns. 

l(c). Total integrated mass yields. Open circles are 

chain yields associated with component D. Closed 

circles are chain yields associated with complementary 

components C and G. Open squares are chain yields 

associated with complementary components E and F, and 

closed squares with component B. Components H and I 

were constructed from chain yields (140 ~A ::::;;;180) shown 

with error bars qnly. The data depicted in the region 

A"' 230 (error bars only) and A::::;;;; 50 (solid triangles) 

are not assigned to any component. Refer to text for 

explanation of components A through I. 
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