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I. Introduction 

In this report, we sum~arize the highlights of the work done between 
' 

1 September, 1978 and 1 September, 1979 that w~s supported by USDOE Contract 

No. EY-76~S-06-2227-TA35-M1. The work reported herein is the result of a 

collaborative effort involving G. T. Seaberg and his research group and the 

nuclear chemists from Oregon State University and should be viewed as such. 

Each project discussed was the result of a joint effort of the two groups 

working together, interchanging roles in data acquisition and analysis. The 

individuals contributing to each project are listed at the end of each section 

with the names of the Oregon State scientists being underlined. Some of the 

work reported herein is in its preliminary stages and use of the data contained 

in these preliminary reports should be made after consultation with the 

appropriate authors. 

The work described involves the study of low energy and relativistic heavy 

ion reactions. In the area 6f low energy heavy ion reactions, most of the 

effort went into a car~ful re-ex~mination of the failure to synthesize superheavy 

elements using complete fusion reactions. The principal conclusion of this 

study Was that the fission barriers of the iuperheavy elements (SHE's) must be 

~ 5-6 MeV~ and thus the· lonqest half life of a SHE ~10 5 years. a result pre

cluding their observation in nature. Other studies which attempted to measure 

the extent to which complete fusion occurred in the 48 Ca + 248 Cm reaction wf.rP. 
also b~gun. 

In the area of relativistic heavy ion (RHI) reaction studies, the most 

interesting results came in(a) our studies of the energy dependence of the 

product mass and charge distributions resulting from the interaction of RHI's 

with uranium and(b) studies of the recoil properties of the target residues 

produced in the reaction of RHI's with heavy targets. The yield of the large 

collision residues (A= 150-200) so copiously produced in the interaction of 

25 GeV 12C with 230 U is dramatically reduced in the reaction or 8 GeV l 0 Ne with 
238 U. The study of the recoil properties of the target fragments from the re

action of.8 GeV 20 Ne + Ta and 4.8 GeV 12 C + 238 U sho~s that the lightest products 

(A<40) and the heavy rare earth products (A = 140-160) have much higher momenta 

imparted to them by the incident heavy ion than corresponding products produced 

by the interaction of relativistic protons with the same ~uclei. Both these 
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results would seem to indicate that detailed studies of the lightest and heaviest 

t~rget fragment~ from RHI induced ·reactions offer us the possibility of studying 

"hard" nucleus-nucleus collisions and gaining insight'into the unique aspects of 

RHI collisions. As part of our systematic examination of the product mass and 

charge di stri buti ons from the interaction of RHI 's vti th heavy nuclei, we have 

measured such distributions from the interaction of a fixed energy heavy ion 

(8 and 21 GeV 20 Ne) with a wide range of targets (Ce, Ho, Ta,.Au, Bi ,U) and 

measured these distributions as a function of projectile energy (5 GeV, 8 GeV, 

21 G~V 20 Ne) with a few targets (Ta,U)_ Our fission track detector studies 

of the fission product angular distributions from the interaction of RHI's 

with U have continued and show an i·nteresting energy dependence of the.track 

distributions. 
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II. Lov1 Energy Heavy Ion Reactions 

II.A. - Superheavy Elements: A Crossroads 

For many yeats nuclear scientists believed that the periodic table had been 

extended nearly to it~ limit, defined as the point where the number of protons 

in the nucleus, and consequently the repulsion between them becomes so large 

that the cohesive nuclear forces cannot hold the nucleus together and the nucleus 

therefore undergoes very rapid spontaneous fission decay. This idea v1as based 

on the observation of shorter and shorter spontaneous fission half-lives as the 

atomic number of the .nucleus increased. 

In the period from 1966 to .1972, a number of calculations (_1) based on 

modern theories of nuclear structure showed that in the region of proton n~m~er 

Z = 114 and neutron number N = 184 the ground states of nuclei were stabilized 

agairist fission. Some of these detailed calculations even suggested that the 

half-lives of some of these superheavy nuclei might be o·n the order of the age 

of the universe, and .this stimulated a great effort to observe these "missing 

elements'' in nature. The superheavy elements (SHE's) were predicted to form an 

island of relative stability extending both above and below Z = 114 and N = 184 

and separated from the peninsula of knovm nuclei by a sea of instability. 

Table II-A-1 is a summary of recent attempts to systhesize SHE's in nuclear 

reactions, utilizing the complete fusion of two heavy ions. The energetics of 

the reactions, fission barrier heights, and neutron binding energies were taken 
from appropriate recent calculations (10). Since the sought-after SHE is ini{ially 

produced as an excited compound nucleus, its survival requires the loss of its 

excitation energy by the emission of neutrons in competition with the much more 

probably fission process (which will destroy the superheavy nucleus if it occurs). 

A simple estimate of the survival rate of the superheavy nuclP.i fnrm~rl in these 

reactions was made.by using expressions for level rl~nsities of a Fermi gas; includ

ing consideration of the effect of angular momentum on SHE survival (13). 

Because of the promising character of the 248 Cm + 48C.n reaction for synthesizing 

superheavy nuclei and the apparent failure of this reaction to do so, it hehooves us j 

to examine this system in greater detail to see why production of SHE's was not 

observed. 
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Hhat 1voul d we have expected the formation c1·oss section for superheavy 

nuclei to be in this reaction? An ·estimate of the cross section for the fusion 

of 48Ca and 248Cm might be crF ~ 10-27 square centimet~rs based on the observation 

(14) of the production of the complete fusion product 18iNo \'lith a cross section 
of 3 X lb-30 cm2 from the similar 48Ca + 2DBPb fusion reaction. Using the method 

of Table II~A-1 to estimate survival probabilities, one calculates a survival proba

bility of ~lo-s for 254No nuclei, implying a complete fusion cross section of 

~300 X l0-27 cm2 .. From this number and the systematics of complete fusion cross 

sections, we extrapolate a ~alue of crCF > lQ-27 cm2 for the 4BCa + 248Cm reaction. 

In addition, we note that in the reaction of 40Ar and 48Ca with 23BU, products 

were o~served (15, 16) (with a production cross section~ 60 X 10-27 cm2) that 

appear to have resulted from the fusion of the 40Ca or 48Ar and the 238U nucleus 

followed by fission. (These products have excitation functions and angular 

distributions characteristic of the fusion-fission process). Since the only 

definitive signature of the coniplete fusion process in the 4 8Cn + 248Cm reaction 

is the detection of SHE's, it is possible that the reacting ions did not actually 

fuse - a possibility suggested by some calculations (17) - but in vie\·/ of the 

evidence cited above, we will proceed under the assumption that some fusion (cross 
section~ 10-27 cm2) did take place in the 4BCa + 243Cm reaction. 

A schematic representation of the de-excitation of any 296116 compound nuclei 

formed in the 48Ca + 248Cm reaction is shown in Table II-A-2, where we used two 

different estimates of the reaction energetics and fission barrier heights to 

calculate the survival rates of the superheavy nuclei. The estimates used are 

those of Fiset and Nix (12) and those of Randrup et al. (11), the former are 

similar to most theoretical calculations done in the period from 1966 to 1972, 

and the latter represent the more recent approach. The "exp~:H·inn=ntal" upper limit 

on the SHE survival rate in this reaction carr be calculated as the ratio of the 

SHE production cross section upper limit to the complete fusion cross section; that 
is, 5 X l0-35jl0-27 = 5 X lo-s. Clearly the calculations based on the older, more 

optimistic barriers and energetics grossly overestimate the survival probabilities 

in this reaction, giving values approaching unity. The calculations based on the 

more recent, pessimistic barriers and energetics are consistent vrith U:e ·data. 

The calculations based on the barriers and energetics of Fiset and Nix can be 

·brought into agreement with the observed upper limits to the cross sections for SHE 

production by using values for the fission barrier heights that are 4 to 5 t·le\f 
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lower than those originally predicted. The overall cfoss section for the produc

tion of detectable sup~rheavy nuclei would be lo- 27 X l0- 11 < l0-38 cm2, using 

the barriers of Randrup et ill_. One can appreciate the minuscule magnitude of 

these cross sections by realizing that under the most favorable experimental 

conditions available today, a production cross section of l0-35 cm2 ~1ould 

correspond to the production of one to three SHE atoms per day of irradiation. 

Thus the failure to observe SHE's in this reaction seems to indicate that 

the fission barriers of these elements are considerably lower than those reported 

earlier (1, 12). This observation has certain qualitative consequences. If 

one accepts the ca 1 cu~ a ti ons of Randrup et ill. ( 11) as correctly descri hi ng t.hP 

properties of the superheavy n~clei (which is consistent with the experimental 

data for the 4 ~A + 248 Cm reaction), then, ona conclude~ that the longest. half

life of a superheavy nucleus is ~l~years - which precludes their observation 

in terrestrial matter or any object whose age significantly exceeds 105 years, 

such as cosmic radiation. (This, of course, does not preclude observation of 

fossil remnants of extinct SHE's, such as decay products or fission tracks.) At 

the same time, one must be careful to note that the experimental results only 

test the cumulative survival probabilities, not the topology of the superheavy 

island. Thus \·Je do not know \'lhether the island of stability has a structure 

like the ~1atterhorn, steeply fallinq_ into the sea of instahilit.y ac:; N rler.reases 

from 184, as suggested by the calculations of Randrup et .£]_., or whether it is 

a lesser peak with a broad base extending to significantly lower valttes of N, 

thus resembling the legendary home of Satan in the San Francisco Bay area, r~nttnt 

Diablo, as ~10uld be suggested by the Fiset and Nix topology apprppriately lowered 

to fit experimental data. 

(G. T. Seabor9,* W. Loveland, and D. J. Morrissey.*) 
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TABLE H-A~l Attempts to synthesize super.~ea.yy elements by using complete fusion r~actions. 

Compound nucleus· 

Reaction 
studied 

~lean 
exci

tation 
energy 
U~eV) 

Pre
dicted 

survival 
proba
bility 

Obierved upper-limit cross 
section for SHE production 

for indicated half-life 
(cm2 ) 

Refer
ence 

232Th + 48ca 
231pa + 48Ca 
233U + 48Ca. 
248Cm + 40JJ.r 
242pu + Lf8Ca 
243Am + 48Ca 

208pb + 84Kr 
2·3su + 6!:!zri 
232Th + 76Ge 
242pu + 68zn 
'2 38U + 76_Ge 
243Am + 68zn 
246cm + 68zn 
232"fh + 84Kr 

246Cm + 48Ca 

248Cm + 48Ca 

Class 
280110 
279111 
281112 
288114 
290114 
2 91115 . 

Class 
2 92118 
::!06122 
308122 
310124 
314]24 
311125 
314126 
316126 

1 : Compound 

44.5 
34 
33 
45 
43.5 
41 

nuclei ~'lith low 
lQ-:21 
1 o-17 

0* 
0*. 
0* 
0* 

survival probabilities 

4 X lo- 35 (>3 msec) 
5 X lo- 35 (76 minutes) 
7 X lo-3 5(20 hours) 

l0- 30 (lo- 8 to lo- 1 

lQ-35(6 hours to l 
2 X l0- 35 (6 hours to 1 

second) 
year) 
year) 

2: Sma 11 probability of forming compound nuclei 

25.5 'Vo(l o- 9t t lo-30(>6 X lo- 7 second) 
47 1.0 l0-3°(10-9 second to 1 year) 
32 1.0 lo-34(5 msec to ·1 year) 
45 0.9 lo-30(lo- 9 second to 1 year) 
68 3 X 1 o-2 lQ-33(5 msec to 1 year) 
39 o:9 2 X l0-32(1Q-9 second to 1 day) 
34 0.3 lo-30(lo-9 second to 1 year) 
51 <lQ-14 5 X l0-30(>5 X 10- 7 second) 

Class 3: Compound nuclei with possible survival 
294116 40 <5 X 1Q-l6 

(l 0-11) -t-
2 X lQ-35(6 hours to 1 year) 

296116 44 <4 x 1 o- 11 

(lo- 5)-t-+ 
5 X lo- 35 (6 hours to .1 year) 

(9) 
(9) 
(9) 
(2) 
(3) 
(3) 

(4) 
(5) 
( 6) 
(5) 
(6) 
(5) 
(5) 
(4) 

(3) 

( 3' 
(8) 

* Nuclei whose survival rate is exactly ze~o ~epresent cases in which some member of 
· the neutron emission chain has a nonexistent fission barrier. 
t . . . 
The cumulative survival rate for these nuclei up to the last step in the de-excitation 
Process is given in parenthesis. In the last step of the de-excitation process, the 
excitation energy is at or below the neutron binding energy and well above the fission 
barrier.· The result of this circimstance is a fission catastrophe in which nearly all 
the nuclei fission. 

+See text for discussion. 

7) 
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' . 

TABLE II-A~2 De-excitation of superheavj~ement precursors from the 48Ca + 248Cm reaction 
' Based on Based on 

Nucleus Excitation Randrup et a l . ( ll ) Fiset and Nix ( 12) 

energy Fission Fraction Fission Fraction 
(MeV) barrier surviving barrier surviving 

height fission height fission -' 

(MeV) on (.~1elf) (%) 
2 9.6116 fi ss i a·~ 44 5.7 18 11.0 98 
j neutron 

. ~€mission (n} 

. 295116 f 34 5.9 23 10.5 99 
Jn 

f 2 94116 26 4. l 1. 4 10.0 99 
! n 

+ 
" ... " f 2 9 3116 16 3.5 1.4 9.6 100 I . ;> 

l~ f 2921"16 8 2.9 5 X 1 o- 4 9.3 100 
y,n 
Predict~d cumulative <4 X lO-ll 0.96 
survival probabi 1 ity 
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II-B- "Calibration of qqSc Isomer Ratio Measurements for Heavy Ion Reactions -$> 

Measurements of the primary product angular momenta in studies of heavy 

ion nuclear reactions can yield important information about the mechanism(s) 

operating in these reactions. For example, one might expect that complete fusion 

and deep inelastic scattering might l~ad to rather different product angular 

momenta. Furthermore, the comparison of the measured product angular momenta 

with dynamical calculations should ~i~e insight into the detailed nature of 

the forces operati nq in these reactions. The ang11l nr mnmPnt.n nf fi s" i nnino 

systems produced by deep inelastic scattering has been deduced from the 

measurement of fragment ~ngular correlations (1,2) while gamma ray m11ltiplirities 

measured in coincidence with fragments from q~asi-elastic and deep inelastic 

scattering (3,4,5,6) have yielded additional information about the distribution 

of angular momenta in these reactions. An extensive third source of information 

about these angular momenta that is complementary to the previous two methods 

has not been utilized. This third source of information is the one hundred or 

so independent yield isomer ratio measuremerits from radiochemical studies of low 

energy and relativistic heavy ion reactions. 
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The problem· has been to interpret these measurements in terms of the primary 

product angular momenta preceding neutron and gamma ray emission. Simple and 

very sophisticated theoretical frame~'l_orks exist to follm·1 these neu.tron emission 

·and gamma ray cascades to predict the product isomer ratios. Each formalism 

has certain unknown parameters which must be fixed to allo~1 the calculations to 

be done. During the past-year, we have begun a set _of "isomer ratio" calibra

tion experiments. The isomeric pair 44mSc (I= 6+), 44 gSc (I= 2+) was produced 

in the 29 Si (1 80, p2n) 44 Sc reaction. The isomer ratio, orn/ag, v1as measured for 
180 energies from 30-80 ~1eV using the LBL 88" cyclotron 180 beam. Thin targets 

of 29Si (95% isotopically pure) in the oxide form were prepared on tantalum foil 

backings. This allowed off-line gamma ray $pectroscopic identification of the 

reaction products without interference from activities produced by reaction \'lith 

the catcher foil when the beam energy was belo'l/ "-.S0!·1eiJ. For the highest beam 

~nergy, 80 MeV, a chemical separation of Sc isotopes from the c~tcher foil was 

nece~sary. The decay of 44 gSc goes 99.89 ± 0.01% 1 via a 1157 keV gamma transition 

while the 44mSc goes 86.6 ± 0.2%7 via a 271 keV internal gamma transition followed 

by the decay of the ground state. These gamma lines were measured using a Ge(Li) 

detector and were, more or less, the only lines in the spectrum. 

The production cross sections (a6+ and a2+) were calculated from the yield 

data and the ratio (a6+/a2+) was thus determined for each different projectile 

energy. The values of these ratios are shown in Figure II-B-1. The ratio, 

(am/ag) increases from 0.9 at 30 ~1eV to 4.7 at 70 t·1eiJ. 

Calculations of the root mean square angular momentum of the initial compound 

nucleus were made using a Bass8 potential and a harmonic oscillator potential due 

to Thomas. 9 The results are insen~itive to the choice of potential. The 

dependence of the 44Sc isomer ratio on initial compound nucleus angular momentum 

is shown in Figure II-B-2. The double valued aspect of the isomer ratio at high 

lrms is believed to be due to the onset of direct reaction processes contributing 

to the 29Si ( 180, pxn) reaction. 

We have attempted to fit this data into a standard Vandenbosch - Haizenga 

isomer r~tio calculation. 10 We used Bjorklund- Fernbach neutron transmission 

ff · · ll . . ff . . f M . l 2 d d coe 1c1ents, proton transm1ss1on coe 1c1ents o an1, an a supercon uctor 

model for the spin cutoff paramete~. 13 They-ray cascade was assumed to contain 1 or 2 

El transitions with the rest being E2 transitions. The results of the calculations 

are also shown in Figure II-B-2 and the agreement between calculation and experiment 

appears to be satisfactory. vie are exploring the use of more sophisticated prescrip-
tions for describing the de-excitation cascade to see if they also can be 

"calibrated" using this data. 

(K. Aleklett, D. J. Morrissey,~-~. Loveland, P. r~1cGaughey and G. T. Seaberg) 
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The ratio (cr6+/cr2~) for the isomeric pair 44 m,gsc as function 

of the 180 beam energy. XBL - 2427 
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Jigure II-B-2 44 Sc isomer ratio as a function of the root mean square angular 

~omentum of the fissioning system. 
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II-C- Complete Fusion Studies in the 48 Ca + 248 Cm Reaction 

·A crucial component of the attempt to synthesize superheavy elements (SHE's) 

using the 48 Ca + 248 Cm reaction is the assumption, as discussed in Section II-A 

of this report, that at bombarding energies low enough for SHE survival that 

complete fusion of the 48 Ca and 248 Cm nuclei occurs. Since no· evaporation resi

dues (i.e., SHE's) were found, one is left to make arguments based upon analogies 

to oth~r reactions 1nvolving ~ 8 Ca ions and heavy targets, as was done in Section 

II~A. We thought it to be important therefore to undertake more direct measure

ments of the 48 Ca + 248 tm reaction to see if we could uncover other experimental 

evidence that complete fusion was occurring. 

We ruled out use of the shape of the "fusion-fission" component of the 

product mass distribution or the angular distribution of these products as evidence 

for the occurence of complete fusion because we had shown earlier1 that it was 

very difficult to distinguish between complete fusion follm·1ed by fission and a 

deep inelastic process in which .the projectile and target nuclei momentarily 

united, exchanged nucleons, underwent a few rotations, and broke apart without 

ever reaching a deformation of the united system inside of the fission saddle point. 

We, instead, chose to attempt to measure the excitation functions of selected 

"fusion-fission" products of varying mass in this reaction. vie \·Jere inspired in 

this effort by the work of St. Simon et ~- 2 \·Jho v-1ere able to quantitatively 

se~arate the-aforementioned processes as they affected the yield of iodine isotopes 

in the 40 Ar + 238 U reactiori. 

With th~ cooperation of A; Ghiorso, we bombarded a 0.5 mg/cm 2 248 CmF3 target 

with 254 MeV and 278 MeV 48 Ca ions. Atoms recoiling from the target in an angular 

range of 6-45° wete collected withAl catcher foils and the bromine, iodine and 

gold isotopes were chemically separated 3 from the recoil catchers and the radio

activities were measured using y~ray sp~ctroscopy. Analysis of this data is in 

progress. We hope to be able to complete this excitation function study in the 

future. 

(W. Loveland, R. J. Otto, D. J. Morrissey, and G: T. Seaberg) 

· .. 
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III. Relativistic Heavy Ion Reactions 

~ 
~I-I-I- A4 nterl a bora tory Measurement of the Target Residue Recoil Properties in 

the Reaction of 8.0 GeV 20 ~e + 181 Ta 
!.. ~ ~· -::.. 

Studies of target fragmentation in relativistic heavy ion (RHI) reactions 

have shown that the product mass and charge distributions resulting from rel

ativistic heavy ion induced reactions are generally similar to those observed 

ip reactions induced by protons of the same total energy. 1•2 Furthermore, 

Kaufman et aJ.. 3 have observed that the target 1·esidue recoil properties from the 

reaction of 25 GeV 12 C (i.e~, 2.1 GeV/amu) with 19 ~Au are very similar to those 

properties observed i~ the reaction of 28 GeV protons with 197Au and differ 

greatly from the residue recoil properties observed in the reaction of 3 GeV 

protons wi~h 197Au. With these ideas i~ mind, we thought it would be interesting 

to measure the target residue recoil properti~s from reactions induced by low~r 

energy (i.e., <25 GeV) heavy ions, since it is well known that the maximum 

momentum transfer occurs in the reaction of 1-3 GeV protons with heavy targets. 7 

Following preliminary observations by our group, we collaborated with 

J. B. Cumming and P. E. Haustein of the Brookhaven National Laboratory and 

S. B. Kaufman, E. P. Steinberg and B. D. Wilkins of the Argonne National 

Laboratory in a joint measurement of. the target residue recoil properties in the 

reaction of 8.0 GeV 20 Ne with 181 Ta. In a single simultaneous bombardment at 

the Bevalac, each group irradiated its own thick target-thick catcher recoil 

experiment and analyzed the radioactivities induced in the foils at their own 

laboratories. The quantities determined from this analysis are F/B and the 

approximate range 2H(F + B) where ·w is the target thickness and F and B are 

the fractions of a given radionuclide activity that recoiled out of the target 

foil in the fon1ard and back\•/ard directions, respectively (see Fig. III,.A-1) 

Comparison of the data in Fiq. IIL-A·-1 with preliminary· results4 of the NIL qroup 
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shows the data sets agree within experimental error. Furthermore, comparison 
r.; 

· with the data of Bachman .e.t ill...:) or the data of reference 3 shows the ranges of 

the target residue fragments to be si~ilar to those observed in the reaction of 

energetic protons wit~ heavy non-fissionable targets but the fragment (F/8) ratios 

are much larger in the reaction of 8.0 GeV LuNe with ·~•Ta than th6se observed 

for the reaction of energetic protons \vith 181 Ta or 197Au. Furthermore, the 

(F/B) ratios from the reaction of 8.0 GeV 20 Ne with 181 Ta are much larger than 

those observed in the reaction of 25 GeV 12 C + 197Au. 3 

These data were analyzed using a two step vector model 6 in·w~ch.the 
v~locity distributions are resolved into two components; a velocity component Vu 

directed along the beam direction, resulting from the initial projectile-target 

interaction, and a velocity component V, isotropic ·in the moving system, 

resulting from de-excitation of the moving fragment. These two ~teps are 

equivalent to the abrasion and ablation steps in the abrasion-ablation model 

of RHI collisions. The results of this ana'lysis are sho\·m in Fig. II'l-A·,..z 

values of s11 ·(= v11 ;c) and <T>(=!..-)\V 2
), the average fragment kinetic energy in 

the system moving with velocity Bu are shown as a function of the product mass 

number A. Also shown are data from the interaction of 3 GeV protons with 197Au, 7 

which is taken to represent the maximum momentum transfer to the target residues 

ever observed in a proton-induced reaction. It appears that the forward 

velocities, Bii, of the target fragments from the RHI t~eattion exceed the 

corresponding velocities from the proton-induced reaction, especially for the 

lightest reaction pr6ducts. While more careful comparisons with data from 

reactions induced by 1-10 GeV p~otons a~e in order, it would seem that one has 

seen evidence in the target fragment recoil properties for "hard" collisions in 

RHI induced reactions. Further studies of the target residue kinematic proper

ties in these lower energy RHI-induced reactibns should prove to be of impor

tance for our understanding of the mechanism of these reactions. 

( vJ. Loveland, D. J. Morrissey,* K. Aleklett,+ and G. T. Seaberg*) 
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Figure III-A-1 Product recoil properties for the reaction of 8 GeV 20 Ne + Ta. 

Also shown is the data of reference 5. 
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Product velocity component, ~ (= Vu/c), resulting fr6m initial 

projectile-target interaction and average kinetic energy~ <T>, 

in system moving with velocity !311 vs product mass member A,. in 

the reaction of 8 GeV 20 Ne + Ta. 
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Measurement of Absolute Cross Sections for the Interaction of·2.52 GeV 12C 

+ u 
--::;> 
·~ 

~ L~ 0· 

Loveland et ~. 1 •2 have reported the results of measurements of the pr·oduct 

mass and charge distributions in the interaction of 25.2 GeV 11C with tar~ets of 

Au, Pb, Bi, and U. The most striking· new feature observed in these studies was 

the survival of large number~ of heavy products (150 ~A~ 200). In the case of 

the C + U reaction these nuclei were presumably the survivors of interactions in

volving significant projectile-target overlap. Unfortunately, due to difficulties 

in operation of the beam monitoring equipment during the original experiment, 

only relative production ~ross sections for these heavy products were measured. 

During the past year, we have completed a repetition of the measurement of 

the product mass and char~e distribution for the interattion of 25 GeV 12 C with U. 

The results of combining this meaiurement·with the previous one showing absolute 

product yields are seen in Figure III-B-1 along with similar measurements for 

interaction of 8 GeV 20 Ne and 28 GeV P with U. The fission cross section is ~1800 

mb with the average fissi6ning system mass being ~208 for the reaction of 25 GeV 
1 ?.C + U. The cross section for the production of heavy collision residues, crwo is 

II" 

~1300 mb. Thus over 85% of the total_ reaction cross section, aR>is associated with 
collisions giving rise to large radioactive target fragments and a correspondingly 

small fraction of the cross section is associated with catastrophic central colli

sions with high charged particle multiplicity. A more detailed discussion of 

these res~lts and a comparison to other 5ystems is found in Section III-C of this 
report. 

(W. Loveland, R. J. Otto, D. J. Morrissey, and G. T. Seaberg) 
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Figure III-8-l 

25 

Product mass distributions for the reaction of 8 GeV 20 Ne) 
25 GeV 12C and 28 GeV p with U. 



' . 

l 
' \ f . 
~ 

25 GeV 
12c + u 

uf .= 1800mb. · 

CTHR = l3QQ mb 

28GeVp+U 

o-f= 1.000mb 

8 GeV 
20

Ne+ U 
Uf = l800.mb 

o-HR=460mb 

N 
0"1 



27- l--\ \ 

III-C- Radiochemical Studies of Product Mass and Charge Distributions in the 

Interaction of Relativistic Heavy Ions with Uranium 

In the interaction of 25 GeV 12C ions with 238 U, Loveland et ~. 1 reported 

the occurence of unusually high yields of the lightest products (A<40) and the ~ 

heavy target residues (A = 140-200) when compared to the reaction4 of 28 GeV 

protons with 238 U. We have measured the product mass and charge distribution 

from the interaction of 8 GeY 20 Ne v1ith 238 11 to investigate the effect of vary~· 

ing the projectile ~nergy and (Z,A) upon these distributions. 

Targets of natural uranium metal varying in thickness from 25 to 75 mg/cm 2 

and surrounded by ~15 mg/cm 2 mylar catcher foils were irradiated with ~10 13 

8 GeV 20 Ne ion~ at the LBL Bevalac. Immediately following the end of bombard
ment, gamma-ray spectroscopic measurements of the radioactivities induced in 

the target and catcher foils were begun using. a coaxial Ge(Li) detector, and 

were continued for one month. In order to permit the detection of low level 

activities normally obscured by high level fission products, one of the uranium 

foils was dissolved and chemically separated into several fractions, 2 which 

were then assayed individually. 

On the basis of the measured gumma-ray energies, half-lives and relative 

y-ray abundances, over 100 radionuclides were identified. 3 Each measured. 

activity was corrected for the effects of secondary-induced reactions (~10-30%) 

based on the variation of the activity \•lith target thickness. The magnitude 

of the correction factor was found to be linear with t~rget thickness to within 

experimental error. Independent and isobaric .Yields were calculated for each 
observed radionuclide by an iterative fitting and integration procedure, based 

upon the assumption of a Gaussian charge distribution of the form 

v1here P(Z,A) is the relative probability for the formation of a nucleus of mass 

number A and atomic number Z, P(A) is the isobaric yield, and a is the parameter 

governing width of the distribution in Z units. 
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Two separate irradiations of 238 U wi~h 8 GeV 20 Ne wer~ made and the results 

we~combined to form a single data set. The results of measurements of the 

product mass and charge distributions from the inter~ction of 25 GeV 12C with 
238U (see Section III-B) were combined with the results of reference l to form 

another data set. The product mass distributions for these two systems are 

shown in Figure III-C-1 along with the product mass distribution from the inter

action of 28 GeV protons4 with U. The product Z distributions for constant 

A = 45, 80, 100, 185 and the iodine product isotopic distributions are shown in 

Figures III-C-2 through III-C-6. For the Z distributions at constant A, the 

data points displayed represent yields at the displayed A value and adjacent A 

values corrected to the displayed A value. 

From examining these data, one concludes that fission of U induced by 

relativistic protons or heavy ions is a similar process. The fission product 

mass distributions are similar in magnitude or scale (within experimental· error)· 

with the total reaction cross section. The mean mass of the fissioning system 

is estimated from the mass di~tributions to be essentially the same for proton 

or heavy ion induced reactions (Afp ~ 206; AfHI ~ 208). The fission cross section 

is estimated to be ~112 the total reaction crO$S section, leading to the estimate 

that fission events arise from impact parameters, b, ~ 0.7 (Rt + Rp). The charge 

dispersions are relatively similar i~ shape, except perhaps fdr the A =100 frag-

ments where there appears to be some double humped character to the charge distri

bution from the Ne + U reaction. The iodine isotopic distribution shows that as 
we go from 8 GeV to 25 GeV incident projectile energy, there is only a shift of 

~2 neutrons in the light iodine distribution, a shift of a few tens of MeV in 

excitation energy. Detailed examination of the charge distribution widths shows 

fission in these syste~ to be a relatively low excitation energy process (E* <50 MeV). 

However, there is a dramatic increase in heavy residue yields as the incident 

projectile energy increases from 8 to 25 GeV. A possible explanation for this effect 

is that the incident projectile energy increases, the projectile-target interaction 

results in "cleaner cuts" of projectile and target nuclei through each other. (This 

speculation is supported by the failure of the extreme clean-cut abrasion-ablation 

model to describe the interaction of 8 GeV 20 Ne with Ta, while it succeeds quite 

\'Jell in describing the 25 GeV 12 C + Ta reaction). The products of the "clean-cut" 

25 GeV C + U reaction are then postulated to have less excitation energy, and 
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great5=r survival pr6babi.l ities than the products of the "sloppy cut" 8 GeV 20 Ne 

+ U reaction. 

(P. McGaughey, H. Loveland, 0. J. ~lorrissey, R. J. Otto, G. T. Seaborg). 
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Product mass distributions from the reaction of relativistic 

projectiles with a uranium target. 
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Figur·e III-C-2 
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Independent yield prodtJction cross sections for A= 45 nuclides 

formed in the .interaction of relatiVistic projectiles with a U 

target. 



·z A= 45 
A 

' ~ 

Ojy(mb) 

10 . r,r-~·, 
8 r , . 
6 

' \ \ 
• t \ 

4 .I \ ~ w 
w I I . • ' 

if 28GeVp+u\ \ 

2 . ~ \· 
l: 20 . \ ··18GeV NetU 

I 25 GeV C + U 

Ar K Ca. Sc . Ti v 
' 19 20 21. 22 23 

Product Atomic Numoer Z 
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Independent yield production ~ross sections for A= 80 nuclides 

formed in the interaction of relativistic projectiles with a 

uranium target. 
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Figure III-C-4 · · Independent jield production cross sections for A= 100 nuclides 

formed in the interaction of relativistic projectiles with a uranium 

target. 
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Figure III-C-5 
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Independent yield production cross sections for A·= 185 nuclides 

formed in the interaction of relativistic projectiles with a 

uranium target. 
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Figure III-C-6 Independent yield production cross sections for Z = 53 isotopes 

formed in the interaction of relativistic projectiles with a, 

uranium target. 
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III-0- Target Residue Recoil Properties in the Interaction of Relativistic Heavy 
Ions with Uranium. 

Since the first measurements 1 of. the yields of target fragments from the 

interaction of relativistic heavy ions (RHI 1 $) with U, it has. been apparent that 

many n~w and interestirtg phenomena were to be found. Iri Sections III-B and III-C 

of this report, we detail new results on the energy dependence of ihe large resi~ 

due yields in these reactions and discuss RHI-induced fission. In Section III-A, 

we show new insights gained from studying the target fragment recoil properties 

in a RHI-induced reaction such as the reaction of 8 GeV 20 Ne wi.th Ta. With these 

fatts in mind·, we began a systematic program of study of the recoil properties of 

the fragments from the interaction of RHI 1 S with U. 

Using the thick target-thick catcher recoil technique, we irradiated depleted 

U foils (of thickness 56.1 and 51.3 mg/cm 2
) that were surrounded by 11 fon1ard 11 and 

11 backward 11 mylar catcher foils (rv35 mg/cm 2
) \•lith beams of 6.2 x 10 13 4.8 GeV 12C 

ions and 1.0 x 10 13 5.0 GeV 20 Ne ions, respectively, at the LBL Bevalac. Gamma 

ray spectrometric measurements of the target fragment radionuclides caught in the 

forward catcher, backward catcher and target foils were begun after bombardment 

and continued for 1-2 months. A preliminary analysis of these data has been made 

and the results are tabulated in Tables IIf-0-l and III-0-2. In these tables, 
I 

F/B is the ratio of the number of product atoms recoiling into the forward catcher 

. foil to the number of atoms recoiling into the backward catcher foil, W is the 

target thickness (mg/cm 2
) and (F + B) is the fraction of the total number of pro

duct atoms recoiling out of the target. The quantity 2vi(F + B) is approximately 

the range of a given product in the target material. Also shm11n in Tables III-0-l 

and III-0-2 in parentheses are the values of interaction of approximately equiva

lent total kinetic energy protons with U. Because of the lower particle fluence 

in .the bombardment, the data for the 5.0 GeV 20 Ne + 238 U system are more uncertain 
and sparser in character. 

From examining the data in these tab'les, certain gener·al tl~ends become 

apparent. As inferred from the product yields in Section III-C of this report, 

RHI-induced fission appears to be a process very similar to relativistic proton 
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induced fission. The F/B values and approximate ranges of the neutron-rich fission 

products such as ~ 9Mo or 1311, e~c. are similar for C, Ne and p induced fission of 

U. Amongst the lighter "fission" or "deep spallation." products, such as the As 

isotopes, there appears to be some tendency for longer ranges as one goes to more 

neutron deficient isotopes. As inferred by Chang and Sugarman 2 in recoil studies 

or Wilkins et -~. 3 in counter studies with the interaction of relativistic protons 

wit~ U, this may be evidence for the occurrence of a binary fission process in

volving low mass nuclei (A = 120-140) which are the residues of an intranuclear 

cascade process involving high deposition energy and the emission of fragments 

prior to fission both in the fast cascade and the evaporation stage. 

Among~t the lighte~t products from these reactions (A < 40) the RHI rea~tions 

appear to give products of simi~ar rQnge within experimental error but consider

ably bigger F/B ratios. Interestingly the light product F/B ratios from the 

4.8 GeV 12C ion bombardment (v = 20(MeV/amu)~) are substantially shorter than 

those resulting from the bombardment with ions of.npprnximntely the same total 
kinetic energy projectile (5.0 GeV 20 Ne) which, of course, has a different veloci
ty, v 'V 16(MeV/amu) Yz. 

The heavy reaction products (A > 140) show similar interesting trends. In 

the reaction of 4.8 GeV 12C with U, the ranges of these heavy products appear to 

be similar to those products produced in relativistic proton-induced reactions 

but seem to show substantially greater F/B ratios. While the data is quite 

sparse from the Ne induced reacti6n, there appears to be a tendency toward larger 

F/B ratios, and also longer ranges. 

The large F/B ratios associated \'lith the very light and very heavy products 
may indicate these products result from "hard" nuclear collisions. The short 

ranges of the heavy products may be due to the notion that they are low excitation 

energy residues (whil~ their higher ~xcitntinn Pneray cousins have emitt~d particles 

and fissioned giving rise to then-deficient A= 60-80 species). A curious aspect 

of these heavy residues with high .F/B ratios is thnt. thP..Y occur in the sam<: m.lss 
range (A= 140-160) for three different reactions, 4.8 GeV 12 C + U, 5 GeV 20 Ne + U, 

8 GeV 20 Ne + Ta. While there are other interesting ~~u.lat1ons one may make about 
this data, it is clear that further, more extensive studies of this type may sub-. 

stanti~lly improve our knowledge about the productipn of target fragments in rela

tivistic nuclear collisions. 

(~uo Cheng, W. Loveland, D. J. Morrissey and G. T. Seaborg) 
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Table III-D-1 

Target Residue Recoil Properties 

4.8 GeV 12c + 23su 

Nuclide Ey ( keV) F/B 2H (F + B) 
2'-~Na 1368.6 5.3 ± 0.3 (2.0)a 19.3 ± 2.0 (l4.8)a 

2 8 t~g 1342.2 5.5 + 0.5 (1.8)a ·16 .8 ± 1.7 (l6.2)a. 

43K 617.8 1.7 ± 0.1 7.8 ± 0.4 
48Sc 1 037.5 3.0 ± 0.5 (1.4)b 11.5 ± 1.2 (1i .O)b 
72As 834.0 1.8 ± 0.4 l 0.8 ± l.O 
74As 595.9 1.7 ± 0.2 7.8 ± 0.8 
76As .559 .1 2.2 ± 0.3 8.1 ± 0.8 

. 8 9zr 909.2 2.2 ± 0.2 7.4 ± 0.4 
9oNb 1129.2 1.7 ± 0.3 6.1 ± 0.7 
91Sr 555.6 l.l ± 0.1 (1 .1 )c 12.6 ± 0.8 (10.0)c 
gsTc 765.8 2.4 ± 0.4 4.8 ± 0.5 
96Nb 1091.3 1.6 ± 0.3 8.6 ± 0.9 
96Tc 778.2, 849.9 2.3 ± 0.3 5.2 ± 0.5 
97Ru 215.7 1.9 ± 0.2 6.4 ± 0.3 
97zr 743.4 1 . 2 ± O.l 8.7 ± 0.3 
9 9r~o 140.5 1.3 ± 0.1 (1 .2)d 9.6 ± 0.2 (9.4)d 
1 3 1 I . 364.5 1.2 ± 0.1 (1 .2)e 8.3 ± 0.4 ( 8 .1.) e 
1 3 3 I . 529.5 1.1 ± 0.1 (1.l)f 8.0 ± 0.5 (8.7}f 
139Ce 165.8 1.5 ± 0.3 2.4 ± 0.2 
14sEu 893.7 2.4 ± 0.4 2.3 ± 0.2 
146Gd 747.4 s.s ± I. 5 l.O ± 0.3 
149Gd . 149.7 4.3 J: 0.6 2.7 ± 0.3 
1 s 1 Tb 287.2 1 0. 7 ± 3.5 (1.4)9 1.9 ± 0.4 (2.8)9 
167Tm 207.8 3.2 ± 2.0 0.14 ± 0.02 
, fi'llu 960.:i 3.2 ± 2.0 2.4 ± 1.2 
zo9At 545.1 2 .l ± 0.6 2.3 ± 0.6 

a. s. B. Kaufman and ~1. H. Weisfie1d, Phys. Rev. C1l , 1258 (1975). 
b. 0. Scheidemann and N. T. Pori1e, Phys. Rev. Cl~ 1534 (1976). 
c. K. T. Beg and N. T. Pori1e, Phys. Rev. C3, 1631 (1971). 
d. J. r~. A1 exander, c. Baltzinger and M. F-. Gazdik, Phys. Rev. 1 29, 1826 (1963). 
e. ,.. 

::> • Bi swas and fL T. Pori l e (to be publ; shed). 
. f. Y. w. Yu and N. T . Pori l e, Phys. Rev. C1 0, 167 (1974). 

g. p. M. Starzyk, and N. Sugarman, Phys. Rev. C8, 1448 (1973). 
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Table III-D-2 

Target Residue Recoil Properties 

5.0 GeV zoNe + z3au 

Nuclide Ey (keV) F/B 2 1.~ J F + B) 
24Na 1368.6 9.8 ± 2.0 20.5 ± 4.0 
2 8~1~ 1342.2 5.6 ± 1.6 ?4.S + 6.0 
'+3K 617.8 1.9± 0.3 8 .l ± 0.8 
48 Sc 1037.5 2.4 ± 0.8 l 0. 9 ± 3.o· 
72As 834.0 . 2.6 ± 0.7 7.9 ± 2.4 
HAs 559 .l 6.1 ± 3.0 3.7 ± 1 . 0 
fl7 y 484.1:1 L. ·1 ± 0.4 7.5 ± 1 . 1 
s 9zr 909.2 1.4 ± 0.3 8.8 ± 1.8 
96Tc 778.2' 849.9 2.6 ± 0,6 8.0 ± 1 . 0 
96Nb 1091.3 2.5 ± 0.9 . 8.8 ± 3.0 
97 lr 743.4 1.3± 0.3 7.9 ± 0.4 
9 9t~o 140.5 1. 3 ± 0.1 9.5 ± 0.3 

1 3 1 I 364.5 1.2 ± 0.1 6.6 ± 1 . 0 
1 3 3 I 529.5 1.3± 0.2 8.7 ± 1.2 
1L+6Gd 747.4 8.0 ± 2.0 9.7 ± 3.0 
1114Gd 149.7 4.6 ± 1.5 3.0 ± 1.0 
1GoEr 728.1 1. 7 ± 1..0 4.7 + 1.5 
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III-E- Near Target Residues from the Peripheral Interaction of Relativistic Heavy 

Ions with Bismuth 

Isotopic distributions for the near target residues Au and Tl have been 

measured radioanalytically for the reaction of 8.0 GeV 20 Ne ions with 2 ~ 9 Bi. 
We have also calculated the isotopic production cross section for Au and Tl 

isotopeS using a macroscopic abrasion-ablation model and a microscopic intra

nuclear cascade-evaporation mod~l. The importance of the neutron skin in 

determining the yield of these products from the peripheral interactions was 

also explored in the framework of the macroscopic model. 

Two 99.999% pure Bi foils (of thickness 116 and 137 mg/cm 2) surrounded by 

35 mg/cm 2 mylar catcher foils, \<Jere irradiated at the LBL Bevalac for 18.5 and 

21.3 hours, with 3.64 10 13 and 3.75 10 13 20 Ne ions, respectively. To increase 

the detection sensitivity for the Au and Tl isotopes a chemical separation of 

these activities f~om the 137 mg/cm 2 foil was performed. One mg each of Au and 

Tl carriers were added and dissolved with the foil in 2 ml cone. HCl and 4 ml 

cone. HN0 3 • After the reaction stopped, the oxides of nitrogen were expelled 

by boiling. The solution \'Jas cooled and about 4 ml H20 added. Then tot1o 

extractions with 2 ml ethyl ether were made. The ether fractions, containing 

Au and Tl, ~·Jere removed from the top of the aqueous phase and combined in 

ahother test tube. This was washed two times with 1 ml 1.5 M HCl, and finally 

chemically plated on a Pt disk. The chemical procedure took about 20 rwinutes. 

The gamma activities in the chemical Au/Tl fraction and the unseparated 

foil were measured for 4 and 6 weeks, respectively, using a 16% Ge(Li) detector 

with a, FWHM of 1.9 keV at 1332.5 keV. Nine isotopes of each element were 

identified. By comparing gamma lines from the unseparated foil to those in the 

chemical fraction it was possible to determine the chemical yield for Au to be 

78% and for Tl to be 79%. The production cross sections ~Jere calculated from 

the gamma activities, which were corrected for detector efficiency and abundance, 1 

and extrapolated to the end of the irradiation period. FollO\'ting correction for 

growth .and decay during the bombardment as well as for the fluctuation of the 

beam intensity, the cross sections 1t1ere calculated. The Au and Tl cross sections 
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~reshown by the solid points in Fig. III-E-1. The neutron deficient part~ of 

the distributions were not possibl~ to detect with the radiochemistry used due 

to the short half-lives of these isotopes. Also, the absolute intensities of 

.the gamma rays of the very neutron deficient Au isotopes are unknown at present. 

In the abrasion-ablation view of ·the collision of RHI with a target nucleus, 

the two nuclei are taken to be uniform hard spheres which move on straight line 

trajectories. 2 Those nucleons ihat lie 1n the region of overla~ of the two nuclei 

are sheared off in the abrasion (or fast) stage of the collision. The spectator· 

fragments of the .targets, which consist of the nucl~ons that Were outside the 

r·t=yiun of overlap, are assigned an excitation energy that is proportional to their 

excess surface area. This is the minimum excitation enerqy that Sllr.h fraoments 
would be expect~d to have, and in addition increases due to frictional forr.e~ are 

likely to be p~esent. The centroid of the isotopic distributions is given as a 

first approximation by the neutron to proton ratio of the target nucleus. The 

variance of the neutron to rroton ratio can be calculated irt the statistical 
1 imi t 2. or through ground state fluctuations of norma 1 nuclear matter. 3 •4 For 

heavy nuclei, however, there is an excess of neutrons in the peripheral or skin 
region. Therefore, a larger number of neutrons than protons will be abraded in 

grazing collisions. The neutron to proton ratio for the ~braded nuclear matter 

from 209 Bi bombar.ded with 20 Ne was calcu·lated as a function of· the number of 

removed nucleons using the e1fective sharp radii for the neutron and proton dis

tributions g·iven by Mye~s and Swiatecki. 5 (See Fig. III-E-2). Such an intro

duction of the neutron skin into the calculation produces a shift of the centroid of 

the primary target fragment distribution for Au and Tl isotopes of about 1.5 mass 

units to the neutron deficient side. 
·In the microscopic approach the collision of the RHI projectile with the 

target nucleus is treated as a two-step process in a Monte Carlo cascade cal

culation. A fa~t step occurs with cascading collisions of nllcleons from one 

reaction partner insidP the m1cleus of thr. othe1ft· partner·~ which 1s followet.l by 

a slow statistical evaporation of the primary fragments after the fast cascad

ing nucleons have escaped or have been captured by the primary fragments. The 

·calculation is made using an extension6 of the intranticlPar cascade code, VCGAS, 7 

for proton induced reactions which has been modifi~d to treat two colliding nuclei. 

The·tv1o nuclei have diffuse nuclear density distributions, and consideration of 
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~he Fermi motion of the nucleons is also included. The neutron or proton nature 

of the collision partners is selected at random in proportion to their number in 

the nucleus. The impact parameter is also selected ot random, and the final 

cross sections are i~tcgrated o~er the range of impact parameters. 

fragments ar~ subsequently individ~ally de-excited using a version 

Dostrovsky, Frankel, and Ftiedlander ~tatistical model Monte Carlo 

The primary 

of the 
calculations. 8 •6 

The excitation energy of each fragment was obtained from the fast cascade code. 

In Fig. III-E-3 we present the comparison of the calculations of the final 

product cross sections with the experimental results. The correlated abrasion

ablation results are given as the solid line for calculations with uniform nuclei 

and as the dotted line for the calculations with. the neutron skin. The uncorre- · 

lated cascade evaporation results are given as histograms. Large dif1erences are 

immediately apparent between the two types of calculations. The uncorrelated 

final product distribution is approximately three times as wide as the correlated 

one, and although flatter, contains slightly more cross section. vlhen compared 

with the eiperimental cross sections the abrasion-ablation calculation predicts 

nuclei which are too neutron excessive. This may be due to an underestimation 

of the excitation of the fragments. One also sees an odd-even effect that is 

bigger than experimentally observed. The uncorrelated cascade-evaporation cal

culations reproduce the experimental cross sections well in the mass region 

covered. To get a better picture of the neutrori deficient part of the distri

bution, a mass region with long-lived neutron deficient isotopes should be 

studied or an on-line. kinetic method has to be applied .. These possibilities 
are being explored but may have to wait for the acceleration of heavy beams in 

the upgraded Bevalac allowing these products to be produced as projectile fragments. 

(K. Aleklett, D. J. Morrissey, W. Loveland, K. Moody and G. T. Seaberg) 
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Experimental cross sections for Au and Tl isotopes are given as 

the solid points and the solid curves are Gaussian functions 

drawn through the data points by eye. XBL 798-2428. 
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Figure III-E-2 The neutron to proton ratio of the abraded nuclear matter from 
209 Bi bombarded with 20 Ne, as a function of the number of removed 

nuclebns, ~alculated using the effective sharp fadii for the 

neutron and proton distributions given in Ref. 5 is shovm by the 

solid line. The broken line is thP same ratio calculated with a 

uniform nucleus. XBL 798-2429. 
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Figure III-E-3 The calculated values of the production cross sections for Au 

and Tl isotopes are shown for the cascade evaporation calculation 
{histograms), for the abrasion-ablation with uniform nuclei 
(solid line), and with the neutron skin (broken line). The data 

·rrom Fig. 1 are shown as the solid points. X8L 798-2430. 
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III. F: -Target Residu~s from the Reaction of 8 GeV 2DNe with lBlTa and 197A~* 

In this paper, we report the study of the reaction of 400 MeV/A 20 Ne 

projectiles (8.0 GeV total energy) with 181Ta and 197Au tarQets. The choice 

of this projectile and energy allo0s us to make comparisons with the earlier 

·studies of the proton induced reactions and also allows us to study the inter

action of RHI at an energy lower than the previously reported studies. 

As in previously reported radioanalytical measurements of the target 

residue products from RHI reactions, 1 these products are observed through 

gamma-ray spectroscopy of the target materials subsequent to the irradiation. 

The 197Au targets consisted of t\'/0 fnilc:;, l? s em by 10.2 em each, with thick

nesses 49.3 mg/cm2 and 242.0 mg/cm2, each surrounded by a 6.6 mg/cm2 Al catcher 

foils. These t\'iO targets, differing by a factor of approximately 5 in thickness, 

allowed us to evaluate thP. contribution from secondary particle induced react"ions 

to the RHI reaction products. ThP. 1 8 lra target con~isted of a single foil, 

13.6 em by 10.2 em, of thickness 154.1 mg/cm2, also surrounded by 6.6 mg/cm2, 

Al foils, An external beam.of 20 Ne was delivered to a '\,1 m ai.r gap by t.hP 

'8evalac at the Lawrence Berkeley Laboratory .. Two separate irradiations \'Jere 

performed, one of the gold foils and one of the tantalum foil. 

Gam~a-~ay spectrbmetric measurements were made with a single Ge(Li) detector 

on '\,5-10 cm 2 area pieces cut from the irradiated target foils, which were centered 

on the beam spot. These meas~rements began '\,20 minutes after the end of bombard

ment (EOB) for the 9old targets, '\,14 hours after EOB for the tantalum target, and 

c9ntinued essentially uninterrupted for '\,40 days. The identification of the 

product radioactivities and the calculation of their production cross ·sections 

has been described in detail elsewhere. 2 Seventy-seven different radioactivities 

were observed in the two gold targets (36 in the thinner target and 66 in the 

thicker target which includes those observed in both) and 74 radioactivities were 

identified as reaction products in the tantalum target. In all, 109 different 

radioactivities were identified. 
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The radiochemical cross sections, whose meas~rement was described above, 

represent post neutron and charged particle evaporation, post "fast" beta decay 

production cross sections. Thus, in order to obtain true production cross 

sections one needs to correct radiochemically measured cross sections for beta 

. decay, when possible, that occurs between t~e time of their production in the 

nucle~r reaction and the time at which they are detected through their own beta 

decay. Once corrected these values of the independent production cross sections, 

d2o/dZdA, can be used to calculate the mass or charge yield, do/dA or da/dZ 

respectively, and also to·€stimate the total cross section for target residue 

production. 
Comparison of the mass ·distribution from the reaction of 8.0 GeV 2DNe 

with 1 81Ta with the previous studies of proton induced reactions, 3•4 seen in 

Fig. III-F-1, shows the striking agreement of the RHI results 0ith those from 

proton indu~ed reactions of the (approximately) equivalent total projectile 

~nergy. This agree~ent is confirmed by the comparisrin of the ZONe + 19 7Au ma~s 

distribution with the results of Kaufman et a1. 5 for the rea~tion of 11.5 GeV 
protons with 197Au and the sparser res~lt-;-of··-Hudis et ~- 6 for gaseous products 

from the reattion bf 29 GeV protons with 19 7Au. This comparison can be seen in 

Fig. III-F-2. 

Integration of the mass yield curves, d~/dA, over mass number give~ the 

cross section for the production of target residues. We have chosen to integrate 

these curves over the interval from mass number 40 to the mass of the target. 

We have chosen a lower limit of 40 mass units for several reasons, (a) the 

multiplicity of fragments with masses smaller than 'tAO is unknm•m, that is, 

these products may arise from interactions where another heavy fragment also 

survives. This certainly is true for fragments such as pr-otons and 4He, where the 

number of such fragments per event is much greater than one. And (b), because 

in studies such as this on~ very little data exists for these low mass products. 

The results of thi~ integration are contained in Table III-F-l. The total 
eross sections for the production of heavy target fesidues from lBITa and 19 7Au 

were founrl tn h~ 2.8 t 0.5 barns. The fact that a small difference that would 

be expected on the basis of mass number difference was not seen between the two 

targets is due to the icatter in the calculated mass yields .. For comparison 

we have included two calcul~tions of the total reaction cross section in Table 

III-F-l. The hard sphere calculation refers to the overlap form of the sharp 

sphere model where the total reaction cross section is \·Jritten:. 

OR = nr2 (A l /3 + A l /3 bT )2 ( 2) 
0 T p p 
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~e have taken the parameters r 0 ~nd bT to be l .37 fm and 0.51 fm. respectively, 

from the work of Heckman et ~- on projectile fragmentation. 7The soft sphere 

calculations are those of Karol which were developed ~o take into account both 

the diffuse nuclear surface and the variation of the nucleon-nucleon cross 

section with energy. 8 The comparison of the hard sphere· calculations with our 

measured heavy fragment cross sections show that approximately 75 percent of 

the reaction cross section gives rise to these products. The soft sphere ca1-

culation ~1ould indicate that these products represent approximately 80 percent 

of the reaction cross section. An estimate of the impact parameter range that 

gives rise to these products can be made from the fraction of the total reaction 

cross section that they ·represent. Thus, 75 p~rcent of the hard sphere reaction 

cr·oss section lt/OUld lie between the impact pnrameter range of 0.5(RT + Rp).2.. b .2_(RT + Rp)· 

This indicates that .heavy residues are created in collisions where the center 

of the projectile lies inside the radius of the target nucleus. This situation 

is significantly different from the reaction of 40Ar with Natcu where no tar~et 
residues were inferred to arise from such central collisions. 9 Therefore, more-

central collisions give rise to heavy residues in these collisions than with lighter 
nuclei. 

Table III-F-1 Total cross section comparison 

Experimental Calculated Cross Section 
Large Fr·agmert t Cross Section (barns) 

(barns) Hard Sphere Soft Sphere 

zoNe + 181Ta 2.8 ± 0.5 3.64 3.47 
20Ne + 197Au 2.8 + 0.5 3.80 3.59 

(0. J. ~1orrissey,** -~-~ Loveland, M. de Saint Simon.*** and G. T. Seabora**) 
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Figure III-F-1 Product mass distribution for the reaction of~ GeV 20 Ne + Ta 

1 . h .. , 1 f . d d . . 3 ·4 a ong w1t. s1m1 ar resu ts rom proton 1n uce react1ons .. 
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Figure III-F-2 Product mass distributions fo~ the reaction of 8 GeV 20 Ne +Au. 

Also shown are similar results· for proton induced reactions 5 ' 6. 
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IJI-G- Energy Variation of Product Mass and Charoe Distributions in the Interaction 
of Relativistic Heavy Ions with Ta and U 

~ i. 

The concept of limiting fragmentation (and the concept of factorization) have 

been widely applied to explain the product mass charge and momentum distributions 

for the interaction of relativistic heaVy ions (RHI's) with low and intermediate. 

mass targe~s (Cu, Pg) 1 •2 However, the concept seems to fail when applied to 

the interaction of RHI's with heavy targets. ~·lhile the product mass and charge 

distributions from the interaction of relativistic projectiles with Ta seems 

relatively insensitive to the projectile energy and identity in the t~ange of 

8-25 GeV, (see Figure III-G-1), the product velocity distributions do seem to 

vary as a function of projectile energy (as can be seen by comparing the results 

of S12ction III-A of this report anrl the work of Kaufman, et al. 3). As discussed 

in Section III-B and III-C of this report, the product mass and charge distributions 

in the interaction of RHI's with U do not support the use of the concepts of limit

inq fraqmentation and factorization to describe these reactions. 
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In hopes of gaining further insight into these questions, we have continued 

our systematic study of the energy variation of the product mass and charge distri

butions in the interaction of relativistic heavy ions \vith typical non-fissionable 

and fissionable heavy elements, Ta and U. We have reported 4 ' 5 • 6 the results of 

the interaction of 8 GeV 20 Ne and 25 GeV 12 C with these targets. We have measured 

the product mass and charge di stri buti ons from the interaction of 4. 8 GeV 1 ~, 5 and 

21 GeV 20 Ne with 238 U and the interaction of 5.0 and 21 GeV 20 Ne_and 28 GeV prdtons 

with Ta. Analysis of this data is in pr-ogress. A final point on these "excitation 

functions'' will be determined in a study of the interaction of 42 GeV 20 Ne with Ta 

and U schedul~d for November. 

(P. McGaughey, L. L. Nunnelley, D. J. Morrissey, }L_ Loveland, and G. T. Seabor~g) 
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Product mass distributions for the interaction of ~elativistic 

projectiles with Ta. 
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III-H-Product Mass and Charge Distributions in the Interaction of 21 GeV 20Ne 
1·1i th Ce and Ho· · ~ c.. ::. 

~ :e.. 

It h~s been suggested that relativistic heavy ion (RHI) reactions may serve 

as useful probes of grou~d state co~relations in nuclear matter. 1- 3 This idea 

is based upon the premise that RHI reactions occur rapidly relative to the 

typical time scale of collective nuclear motion. To test this premise and to 

explore the feasibility of using RHI reactions as probes of nuclear ground st~te 

correlations, we thought it would be of interest to measure the product mass 

and charge distributions from the interaction of RHI's with rare earth targ~ts. 

Ce and Ho targets (of th{ckness 174 and 114 mg/cm 2
, respectively) were 

irradiated with ~10 13 21 GeV 20 Ne ions at the LBL Bevalac. Gamma-ray spectro

metric measurements of the radioactivity induced in the target and catcher 

foils began approximately ohe hour after bombardment and continued for five 

weeks. Approximately 60 radionuclides were identified in each target on the 

basis of their y-ray energy, half-life and radiation abundances. No correctio~s 

were made for the contribution to foil activities from secondary induced reactions 

because previous studies
4 

had shown such corrections to be negligible for similar 

targets and experimental conditions. 

Independent and cumulative radionuclide yields were calculated from the 

radioactivity measurements on the irradiated ~oils. Usin~ procedures described. 

elsewhere, 4 independent yield formation cross sections were calculated for all 

radionuclides, Gaussian charge dispersions [of the form P(Z, A) = (2~a 2 )-~ 
exp(-(Z - Zp) 2 /2o 2 )J were fitted to the data, and the charge dispersions were 

integrated to give the isobaric yields. Figures III-H-1 and III-H-2 show the 

product mass distribution for the reaction of 21 GeV 20 Ne with Ce and Ho, 

respectively. The general shape of the mass distribution is si~ilar to produ:t 

distributions measured in the ·interaction of RHI's \'lith Ag, 5 Ta, 4 and Au. 4 

Figure III-H-3 shows the measured independent yield cross sections for ~arious 
lb isotopes from the interaction of 21 GeV 20 Ne with 155 Ho along with calculations 

of those same isotopic yields made using the abrasion-ablation model assuming the 

charge dispersion is due to zero point osci I lations of the giant dipole resofia~ce. 
4 . 

(Go'R). As discussed previously, the abrasion-ablation model overestinates t':e 

magnitude of the cross s~ctions and underestimates the excitation energy of these 
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near-ta0~et residues by some 60 MeV, although it does predict approximately the 

correct width for the charge dispersion. 

One interesting question posed pr~viously4 is whether statistical de-excita-

tion effects (such as the shape of the mass surface) or the primary product yields 

(before statistical de-excitation) have ~he dominant effect on the observed product 
isotopic distributions. Figure III-H-4 shows the isotooic distribution of products 

approximately 20 amu removed from aCe target (A= 120) and a Ho target (A= 144). 

Clearly thes~ distributions are quite dissimilar in width although they result 

(according to the abrasion-ablation model) from similar primary product distribu

tions. However, comparison of the isotopic distribution for A = 120 produced from 

the Ne + Ce reaction with the A = 120 isotopic distribution produced in the Ne + Ho 

reaction shm-Js remarkable similarity. Thus it would appear, as discussed prcviously, 1 

that charge distributions of products far removed from the target in mass are 

dominated by statistical de-excitation effects. Near target residue charge disper

sions appear to offer the greatest hope of seeing the primary product distributions 

unencumbered by de-excitation phenomena. 

(R. H. Kraus, Jr., and W. Loveland) 
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Figure III-H-1 

68 

Product mass distribution for the reaction of 21 GeV 20~e 

with Ce. 



100 

JJ 

. t 

b 
10 

2 

20 
21 GeV r'le with C c 

--------·------·--·---~--·------·--..... --.. ---· -~----·------... 
20 ... lO c.c C· 80 100 120 140 IE-3"' 

.. ·A 



70 

Figure IJI-H-2 Product mass .distribution for the reaction of 21 GeV 20 Ne 

with Ho. 
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Independent yield cross sections for Tb isotppes produced in th~ 

reaction of 21 GeV 20 Ne with Ho. 
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Figur~ III:H-4 Nuclidic production cross sections for A= 120 nuclides from the 

interaction of 21 GeV 20Ne with Ce and Ho targets are shown along 

with nuclidic production cross sections for A =144 nuclides from 

the interaction of 21 GeV 20 Ne with Ho. 



N
 

N
 

3 ·o
 

0 0 

( r
n 

b
) 

0 
' 

~
 

. 
·o

''
,,

o
 

•o\
''•,,

 !>
 '

• 
~
 

'
,
 

....
 

. 
' 

••
• 

••
 •

 • 
• 

• 
t> 

' 
. 

o.
,._

 ••
 ••

o·
t>
~.
 

!>
 

••
 ••

 
,-.

...
.. 

II
 

•,
. 

K
>

-
_

. 
i\

) 

0 ....
 

.. 
••

•.
 o 
• 

" 
·• .. . 

--
--

--
--

·-
-

I>
 

• 
0 

· ... .. . 

~
 0 

• ' ... • 
~ 

~ 
0 

. • 

~
 0 • • 9 ' I 

I ? I I 
I 

... 
/ 

.... . 
/ 

.. 
/ 

/ 0 

.. 
.. " 

. 
~·

 

.. .•
 

/ 
/ 

.1>
 

..f
~ 

l>
 

01
 

II
 

I\J
 

0 

... 

0 

0 

-...
...!

 
U

1
 



III - I - Relati~istic Heavy Ion .Induced Fission Fragment Angular Distributions 

We 0ish to report relativistic heavy ion (RHI) ihduced fission fragment 

angular distributions for two experiments. On the basis of calculations 

estimating the angular momentum of the fissioning system and the mass yield 
. l 2 

curves of similar reaction systems, ' we outline tentative interpretations 

of the data. 

Thin uranium targets (~600~g/cm 2 ) were irradiated with 8.0 and 21 GeV 
20 Ne ions at the Lawrence Berkeley Laboratory Bevalac and fragment angular 

. distributions were measured using ~uclear track detectors, i.e., CR- 39 3 and 

r~ackofol. Other irradiations (25 Ge.V 12 C "': Pb, 18 GeV 12 C + U and 5 GeV 20 Ne 

+ U) have been completed with data yet to be analyzed. 

The track detector assembly for the 8.0 GeV 20 Ne i~radiation allowed us 

t6 ~xa~ine fragments emitted in the forward direction only. The ass~mbly 

was later ~mproved to enable us to observe fission fragment tracks over the 

full 360 degrees, thereby allowing correlations bet~een forward and backward 

fission fragment track den~ities to be made. 

The track detectors were etched several days after irradiation under 

conditions to maximize development of fission fragment type tracks and minimize 

lo~·1-mass and/or high energy particle tracks. The nackofol \·las etched in 

6N NaOH at 60 - 70° C and the CR - 39 in lON NaOH at 100 - 105° C. These 

conditions w~re used to etch track detectors from a ~ 52 Cf chamber calibtation 

exposure yielding high clarity fission fragment tracks with no visible alpha 

particle tracks. 

Figure III-I-1 shows the fragment angular distributions for the 8.0 and 

21 GeV 20 Ne experiments .. The true intensity of the irradiating beams are unknown, 

consequentially the units of dajd\t are expressed as arbitrary units (au) 

A sudden and tapid increase of dajdO for forward angles is seen in both sets 

of data. We note that the upswing of da/dlt is of significantly smaller magni-

tude for the lower energy experiment. There is no evidence of a correspond-

ing increctse of d~/dn ror backwJrd anglRs leading us to conclude that these 

tracks are not c~used by fission fragments. As further support of this idea, 

vie note that the upsv1ing in da at fon1ard angles is steeper than 
d It -s-=-i n-tJ::;-::-. 
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One interpretation of the dramatic upswing in this data may be arrived 
? !l 

considering the radionuclide distributions of two similar experiments~-·: 
20 Ne and 25 GeV 12 C with uranium targets. The data shows a constant 

fission cross section for ·both systems, .\·Jhile there is a significant increase 

of heavy collision residues (150 ~A~ 200) for the higher energy experiment. 

This data taken into consideration with the discriminatory etching conditions 

of our experiment and the forward-peaked nature of the tracks leads us to 

tentatively conclude the increase of da/d~ at 8 < 30° is possibly due to heavy 

residues.with kinetic energies on the order of fission fragments. 

Finally, by fitting ~he measured fragment angular distributions for the 

H GeV roNe experiment using a· formalism described previously 5 we deduce a 

maximum angular momentum of the fissioning system, I < 13n. 

( R . H • K r au s , J r . , \IJ. L o v e 1 a n d ) 
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Nuclear track angular distribution~ prod~ced in the interaction of 

8 and 21 GeV 20 Ne with 238 U. 
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Relativistic Heavy Ion Induced Fission of Uranium 

W. Loveland, P. McGaughey, D. J. Morrissey,,R. J. Otto, 
R. H. Kr~us, Jr., and G. T. SP.aborg 

La\·lrence Berkeley Laboratory, Berkeley, CA, U.S.A. 

Rarliochemical measurements have been made of the product mass and 
charge distrib~tions from the reaction of 8 GeV 20 Ne and 25 GeV 12 C with 
uranium. In addition, we wish to report the fission fragment angular 
distribution from reaction of 21 GeV 20 Ne with uranium. The purpose 
of these measurements was to help understand the mechanism(s) involved 
in relativistic heavy ion (RHI) induced nuclear fission ar.d to compare 
these reactions with fission induced by high energy protons. 

The target array for the mass and charge distribution measurements 
consisted of foils of natural uranium separated from each other by 
rv150 mm. The foils, varying in thickness from rv25 to rv75 mg/cm 2 and 
surrounded by rv15 mg/cm 2 Al catcher foils, were irradiated in RHI beams 
from the Bevalac for periods from 3 to 18 hours. Gamma-ray spectro
scopic measurements of the radioactivity induced in the target and 
catcher foils began 1 h after bomba1·dmcnt and continued for about one 
month. Chemical seoarations 1 were used to isolate seven different 
chemical fractions ~rom one foil and these fractions were assayed by 
y-ray spectroscopy. Over 130 radionuclides were identified in these 
studies on the basis of their y-ray energy, half-life and relative 
y-ray abundance. Based upon the variation of activity with foil 
thickness, corrections (of rvl0-30%) were ~ade to each measured activity 
to account for· the effects of secondary induced rPnctions. The correc- . , 
tions \·/ere roughly independent of A with maximum corrections 'b2ing 
applied to neutron-rich fission p~oducts. RPcoil losses from the 
target were measured to be negligibly small. 

Using procedures described previously 2
, independent yield formation 

cross sections were calculated for all radionuclides, Gaussian charae 
dispersions [of the form P(Z,A) = (2na 2 )-~ exp(-(Z-Zp) 2 /2a 2 )J were ¥itted 
to these data, and the charge dispersions infegrated to give the yield of 
each A in the reaction. 



The iodine isotopic distributions from the reaction of 25 GeV 12 C 
with 238 U and GeV 20 Ne with 238 U are very similar to each other and to 
a corresponding iodine distribution in the 2.9 GeV p-induced fission of U 
in that a double-humped charge dispersion is observed with peaks at 
N/Z ~1.5 and N/Z ~1.3 and width parameters a= 0.8 and 1.0, respectively. 
A detailed examination of the data shows the neutron rich component 
of the charge dispersion to be nearly identical for the interaction bf 
p, C and Ne with U. The n-deficient component of the distribution moves 
to lower N/Z as one goes from 2.9 GeV protons to 8 GeV 20 Ne to 25 GeV 12 C. 
However, the shift in the position of the maximum of this component 
corresponds to the emission of only t\~O more neutrons, indicating the 
excitation energy of these species does not change much in going from 2.9 
GeV protons to 25 GeV 12C ions as the fission-inducing projectile. 

· The charge distributions for fission products with A ~100 are char
acterized by width parameters a ~0.8-1.0 Z units. Direct comparison of 
these width parameters with those from a number of other high-energy 
fissipning systems of known excitation energy 3 allows one to infer the 
ave~age excitation energy for the fissioning system(s) to be 30-75 MeV. 

The fission mass dis:tributions show broad sy;nmetric peaks extended 
from A=70 to A=140, centered around A=110-115. From this data we deduce 
the mean fissioning system mass to be ~225. Since this mass is greater 
than the masses of any other reaction products and of~~ CR 4

, we conclude 
that fission resulted from peripheral interactions w1th impact parameter 
b > 0.7(Rt + R ). Calculations 5 based ·upon the abrasion-ablation model 
of~RHI interac~ions support this interpretation and are able to quanti
tatively account for the magnitude of the fission cross section. 

In the measurement of the fragment angular distributions, a thin 
(~660 ~g/cm 2 )· target of uranium was irradiated with 21 GeV 23 Ne ions 
and the fragment angular distribution was measured using nuclear track 
detectors (Makrofol and CR-39). The fragment a~gular distribution for 
the reaction of 21 GeV 20 Ne with 238 U is flat from 8 =160° forward 
to aLA ~30~. By comparing the measured fragment angb,9r distribution with 

. theore~1cal expressions~. we deduce the mean angular momentum of the 
fi~sioning system to be Iav s 13~. 
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AN INTERACTIVE COMPUTERIZED SYSTEM FOR THE ANALYSIS 

OF GAMMA RAY SPECTRA FROM HEAVY ION NUCLEAR REACTIONS* 

D. J. Morrissey, R. J. Otto, D. Lee, J. 0. Liljenzin,** 

I. Binder,t M. M. Fowler,t w. Loveland,tt and G. T. Seaberg 

ABSTRACT 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

A system ~or the yield analysis o~ radionuclides produced 

in heavy ion nuclear reactions is presented. The system is based 

on gamma ray spectroscopic measurements of "the induced activities, 

automatic peak identification and fitting with the S&~PO code, 

and an interactive decay curve identification process. A com-

puter code has been developed which.facilitates this process by 

binding together an updated gamma ray catalogue, the measured 

decay curves and the ability to fit varying components to the 

data. 
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INTRODUCTION 

Gamma ray spectrometric methods have been developed to 

deduce mass yield distributions for heavy ion induced nuclear 

reactions at incident particle energies ranging from 5.0 MeV/A 

to 8.5 MeV/A and 0.4 to 2.1 GeV/A. These nuclear reactions 

produce radioactive, gamma ray emitting nuclides that cover 

the ehtire chart of the nuclides. In a single heavy ion reac

tion such as ~960 MeV 136 Xd + 236 u1 or 25.2 GeV 12 C + 2 ~ 0 u 2 over 

100 neutron excessive- and neutron deficient nuclides ranging 

from 7 Be to 238 Np were produced and identified by their charac

teristic gamma ray transitions between 40 keV and 2 MeV from 

spectrometric measurements of the target. 

The object of the ?nalysis is to translate the compli

cated gamma ray spectra into a data set consisting of the par~ 

tial cumulative and independent yield production cross sections 

from which isobaric mass yield distribntions can.be deduced. 

In the development of a computer.aided .interactive analysis 

system the following criteria were established. 

a. The energy resolution and the linear and niffP.rP.n

~1~1 ~tabillty or the spectrometer system should be extremely 

good. In practice this means we require a system in which t.he 

photopeaks are nearly r.aussian ln shape awl unchanging with 

time, because single samples have been counted up to one year 

after the end of bombardment. The absolute efficiency of the 

detector system has to be well known for the many counting 

geometries that are used during the spectrometric measurements 

of different chemical fractions from a single target. 
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b. Given the above energy stability and photopeak shape 

requirements the counting geometry and counting schedule sho.uld 

.be adjusted so that production cross section information can be 

obtained on the greatest number of nuclides, and therefore, the 

gamma spectrometric measurements should span the largest range 

of half-lives possible. 

c. All routine data handling and processing should be 

made comp~etely automatic. This includes data acquisition, 

photopeak analysis and preparation for an interactive decay 

half-life analysis. 

d. In those areas of analysis where a large number of 

factors must be considered, such as in the assignment of known 

gamma ray transitions to the measured decay curves of the ob

served gamma rays, the system, should be an interactive one. 

It is at this point, also, that the ~xperimenter should be able 

to evaluate the quality of the data and be able to recognize any 

systematic errors that the previous automatic part of the analy-

sis may have introduced. 



-4-

METHODS 

The first criterion above can be met with many commer-

cially available systems ·today and this aspect will not be dis-

cussed. With respect to the second criterion a counting stra-

tegy has been developed that takes into account first, the 

problem of high. count rate distortions of the peak shape associ~ 

ated with a very radion~tive target that is ~untinuously decaying, 

and second, the wide·range of half-lives of the gamma ·ray em;i,ttin<J 

products in the t~rget. This strategy is ba~Ad on the obocrvation 

that the gamma rays from a given radionuclide will only be observ-

able in that period df time when that given radionuclide is going 

through its second, third and fourth half-lives. That is, a given 

radionuclide is usually not visible during its first half-life 

because it will be obscured by short lived activities. It is 

also not 9enerally visible at longer timca because of the promi-. 

nence o~ longer lived species. 

The gnrnn1a LdY spectra are automatically recorded onto 

magnetic tape along with the start and stop times of 

the mea:;;urement: and an alpha.~numeric La9. A typical gamma ray 

spectrum is shown in Figure 1. The identification and anuJys.i ~ 

of photopeaks in the spectra is done with a moqified version of 

the program SAM.P.03 •. The wudified automatic mode of this prog:r:am 

which was written for the CDC machine at the Lawrence Berkeley 

Laboratory has proven to be very successful. Desirable features 
. 

that are built into this code include exact, energy dependent, 

calibration of the detector efficiency, polynomial energy cali-
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brations, and particularly energy dependent peak line shape 

calibration. The count rates for each identified peak, cor

rected for efficiency, are output on magnetic tape in blocks 

which are labeled with the spectrum tag and tne time from the 

end of bombardment to the midpoint of the measurement. 

After the SAMPO analysis is complete the next step of 

the analysis is to sort the observed gamma ray peak areas so 

that decay curves can be constructed. For·ea.ch gamma ray the 

code TAUl was written to perform this sorting. The code starts 

with the magnetic tape output from SAMPO and searches first on 

the spectrum identification tag and then on gamma ray energy. 

Throughout the analysis the chronological order of the original 

measurement schedule is preserved. Thus, the SAMPO analysis is 

performed on spectra in chronological order, which TAUl preserves, 

thereby eliminating the need for any chronologie sorting in TAUl. 

The code is able to collect the data from up to 40.spectra for 

each of 10 samples. The code then generates a new magnetic tape 

as output that contains the gamma ray intensities sorted by 

energy for each of the samples. The code also provides a printed 

output of all the accepted gamma rays for each sample along with 

the resulti of the least square estimate of the· half-life and the 

identity of the spectrum in which the gamma ray was observed. · · · 

The next stage of the analysis ~s to bring the measured 

decay curves for each gamma ray together with a compilation of 

.the known gamma ray transitions in order to 'identify the radio-
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nuclides present in the sample. For this task we have written 

the 90mputer code TAU2 which is an interactive decay curves 

analysis program that constructs decay curves and also presents 

relevant data on the 20 nearest known gamma ray transitions to 

facilitate.the identification. The code has been designed to 

run on the CDC-6000 machine at LBL with a Tektronix 4014 terminal. 

Input data for this ~nde is the sorted gamma ~dY data from TAUl 

and a listing of the updated compilation of Binder et a1. 4 of 
. . 

the ~-1acMurdo-Bowman gamma ray tablesS, both on mt=:~gnetic tape. 

The code begins with the lm·Test energy gamma ray observed in 

the first sample and plots a semi-logarithmic decay curve, time 

unit of days,on the CRT of the terminal. Simultaneously the code 

searches the_ gamma ray table for a known gamma ray transition 

nearest to the average measur~d gamma ray energy. Finding the 

closest known gamma ray, the conP pres~nts the onergy, i~utupe, 

half-life, relative intensity and parents (if any) for the 20 

gamma rays nearest to the measured energy. A typical display 

is shown in Figure 2. The operator is then able to choose any 

single knO\om line or combination of known lines to be least squares fitted to the 

measured decay curve, or arbitrary half-lives may be fit to the 

data. The possible cornbinatiornare presented in Table l. When 

an acceptable identification of the decay curve has been made 

by the operator the graphical display ~s recorded· on microfiche 

and the A0 value along with its error, energy and radionuclide 

identification is output on a punched card. Th~s Ao value has 

the units of decays per minute having been corrected for the 
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branching ratio of the parent nuclide. Nuclear reaction cross 

sections are calculated on weighted average of all the observed. 

gamma rays for each product nuclide after the identifications 

have been screened for duplicate or erroneous identificatiohs 

and for self consistency. Once a set of partial cumulative and 

independent yield cross sections has been obtained an iterative 

procedure is used to deduce the mass and charge distribution · 

for the nuclear reaction under st~dy. 
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RESULTS AND DISCUSSION 

We believe that the analysis system that we have described 

represents a relatively unique combination of analytical methods 

and programs for the analysis of complex gamma ray spectra. 

Since no _prior knowledge of which radionuclides are contributing 

to the spectra is required it is hoped that this approach may be 

applicable to a broad range of problems in the field of uctiva

tion analysis and gamma ray spectroscopy. Most important to the 

analysis system that we have developed is the interactive graphics 

display program which makes it possible to identify reaction pro

ducts based on their half-lives and known gamma ray transitions. 

Although this interactive program is presently run on a CDC 6000 

machine with a Tektronix 4014 Terminal it could be easily adapted 

to a smaller computer such as the PDP 11. Fortran versions of 

the computer codes·described in this work are ?Lvailah1P.0n ,rQquee:t 

to the authors. 
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TABLE 1 

Decay. :<::ur.ve Component Analysis Options 

Single Component 

Multiple Components 

(a} Known gamma ray transition 

from table 

(b} Arbitrary straight line 

(a} Known·<Jamma ray plus constant 

background 

(bl Straight line plus constant 

• background 

(c} Sum of two known gamma rays 

(d) Sum of known gamma ray plus 

straight line 

(e) Sum of two arbitrary straight 

lines 

(f) growth of known gamma ray from 

its known parent 
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FIGURE CAPTIONS 

Fig •. 1. Typical gamma ray spectrum observed in this work. 

A gold target was irradiated with 1140 MeV 136xe ions 

and the gamma radiation measured directly with a range 

of 75 to 2000 keV in a 4096 channel spectrum. 

XBL 776-8998. 

Fig. 2. Graphics terminal display showing the fit of two 

components (solid lines) to the measured decay curve 

of a 604.4 keV gamma ray (open circlP-~) the ordinate is 

the logarithm of the count rate and the abscissa the time 

after the end of bombardment in days. Also shown on the 

CRT display are 20_ gamma rays, nearest in energy to the 

measured 604.4 keV, from the Binder et al. gamma ray 

catalogue. 4 These entries, numbered 1 to 2.0, contain. 

information on the energy, chemical property, isotope, 

half-life in days, percent abundance of the tranEiton 

and chemical symbol of the parents, if any. 

XBL 776-8887. 



, . 

1 :.: :: ~ 
R

 r. 
" 

~ 
•
•
 

,d
 

~ 

~j 

II~ .. r·· .............. -............... ---····. 



ABSTRACT 

-i-

TARGET RESIDUES FROM THE REACTION OF 8 GeV 20Ne 
WITH 181 Ta AND 197 Au* 

D. J. ~lorrissey, W. Loveland**, M. de Saint Simon***, 
and G. T. Seaberg 

Lawrence Berkeley Laboratory, University of California 
Berkeley 1 CA 94720 

LBL-8983 

The cross sections for the production of 109 different target 

fragments from reactions of 8.0 GeV 20Ne \vith 181Ta and 197Au 1·1ere. 

measured. The target fragment radioactivities were measured by off-

1 i ne gamma ray spectroscopy. Detai 1 s of the measurement as 'lie 11 as 

the calculation of the independent is6topic production cross sections 

(d2
0 /dZdA) a~d the integrated mass yields (dcr/dA) ar2 given. Ccmpar-

isons ot these data to previously reported data for proton induced 

reactions show that th~ target residue production cross sections scale 

with the total projectile energy. not velocity. The total eros' section 

for residue production indic:Jtr.:. t.h,J.t somt:> p1·oducts nl:;ulL rr·ou1 coll1s1ons · 

with significant overlap of the c:entral dPnsities of the two nuclei, in 

contrast to results obtained with low mass targets. Comparisons of ihe 

·data '1tith a ~lonte Carlo cascade calculation and an abrasion-ablation 

calculation verify the importance nf ground state correlations of the 

neutrons and protons on the fragmentation isotopic cross sections. 
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NUCLEAR REACTIONS:. 181Ta (20Ne, spallation), 197Au( 20Ne, spallation), 

E = 8.0 GeV; measured radionuclide production cross sections (d2a/dZdA) 

and dcr/dA; comparison to proton induced spallation of 181ra and 197Au; 

comparison to abrasion-ablat~on and Monte Carlo cascade models for 

residue production; ~e(Li) spectroscopy, radioanalytical mass and 

charge distributions; relativistic heavy ion nuclear reactions. 
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I. INTRODUCTION 

Currently the highest kinetic energy available for the laboratory 

study of heavy ion induced reactions is 2.1A GeV. 1 Reactions induced 

by these heavy ions were thought to hold great promise for the observa-

tion of many exotic collective phenomena not observable in proton 

induced rer1ctions. 2 A large l.Jot.ly uf Udta n01v exists from the study 

of 25 GeV 12~ ions interacting with targets ranginq from hydrogen 

to uranium. 3
- 8 Both r~rliochemical and on-line counter techniques 

have beeri successfully employed in these studies. The experimental 

observabl~s have been found to separate into three major categories 

according to the rapidity of the products: projectile fragments tightly 

correlated with tbe beam rapidity, 3 from large impact parameter peripheral 

collisions; light products, such as protons, alphas and pi mesons, moving 

with intermediate rapidities nnd showing evidenc~ of therma11zation, 4 

from central 'ollisions; and large target re3id~es that do nol escare 

h • l d th h 1 • d • t • 5-8 
r • L t e target mater1a s an us ave ow rap1 1 1es, rrom per1p~eral 

and near central collisions. These studies have shown no evidence 

for th~ predicted exotic phenomena that spurred. them on, and now the 

~uggestion is that still higher energies are necessary fnr the obsarvation 
. 9 

of such phenomena. Such energies are not presently available; however, 

many facets of the reaction mechanisms at the currently available . 

. heavy ion energies are not well known. And so, attention is now being 

turned toward understanding the r~lationship of heavy ion reactions 

at a few GeV per nucleon to the well explored fields of low energy 

he~vy io~ reactions ·and relativistic proton induced reactions. 
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-The previous studies of relativistic heavy ion (RHI) induced 

reactions have shown the production, in large amounts, of 11 heavy11 

target residues. 5-8, 10 These residues range in mass from essentially 

that of the target down to the lightest nucleus observable with the 

radiochemical ~ethods employed, 7Be. The residue production cross 

section has been found to be ~70 percent of the geometrical reaction 

cross secti.on for both 1 ow and high mass targets. Observation of 

such products is not expected for central collisions of the projectile 

and target and thus such results set a limit on the number of true 

central collisions. An important aspect of these stadies will be to 

determine if the number of central collisions, i.e. collisions resulting 

in the complete annihilation of the target nucleus, is dependent on the 

projectile ·velocity. Due to the extreme velocity of the RHI projectiles 

the total reaction cross section does not vary significantly over this 

energy region. Up to the present only one study of target residue 

production in RHI reactions at an energy lower than 2.1 GeV/nucleon 
11 . 14 

nas been reported, that for the reaction of 280 MeV/nucleon N with 

copper. However, only relative yields for target residue products were 

reported for this system. Thus, the assumption of ~traight line trajectories 

that forms the basis of the fi~eba11 4 and firestreak 12 models remains· 

untested over a wide energy region of its assumed applicability. 4' 1} 

A second question of basic interest in RHI induced reactions is 

how such reactions compare with relativistic proton induced reactions. 

It has become common when discussing the projectile-like and intermediate 

products from RHI induced reactions to describe the experiments in terms 

of the projectile velocity (i.e. 2.1 GeV/nucleon, etc.). 3' 4' 13 
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·Relative yield measurements by Cumming et al. 5' 11 have shown that 

the target residue isotope production cross sections, d2cr/dZdA, for· 

the interaction of 3.9 GeV 14N and 25.2 Gev12c with copper targets 

compare most favorably with isotope production cross sections from 

reactions induced by protons of equivalent total energy. However, 

another study by Cumming et a1. 10 showed that the target residue 

isotope production cross sections from the reaction of 80 GeV 40Ar 

with copper also compared very favorahly With those from the reaction 

of 28 GeV protons with copper. In view of the observed difference 

between 25 GeV 12t induced reactions on high mass8, 238u, and low 
5 mass , Cu, targets and the larger volume to surface ratio in high 

mass targets, we felt it was important to study the relative importance 

of velocity and total energy in RHI interactions with heavy nuclei. 

A particularly good target nucleus for this comparison is 181ra. 

Previous studies of the reaction of 340 MeV protons with 181ra by 

Nerv1k and Seaborg, 14 and the reaction of 5.7 GeV protons with 181Ta 

by Grover15 showed large differences between the product mass distri

butions, dcr/dA, for these two reactions (see in Fig. 1). The comparison 

between the mass distribution frnm the reaction of 8 GcV 20Ne with 
181Ta with these distributions should allow differentiation between 

the veloeity and total energy dependence of RHI induced ~eactions 

with a 181Ta target. 

In this paper we report the study. of the reaction of 400 MeV/A 
20Ne projectiles (8.0 GeV total energy) with 181Ta and 197Au targets. 

As discussed above the choice of this projectile and energy allows 

us to make the comparison with the earlier studies of the proton induced 
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reactions and also allows us to study the interaction of RHI at an 

energy lower than the previously reported studies. In section II 

we present the details of the experimental procedure used in this 

work and in s~ction III we present the resu)ts. The results are compared 

to abrasion-ablation model calculati~ns 16- 18 from which we are able 

to draw conclusions on the ability to observe the predicted ground 

state correlations of nuclear matter. 18, 19 Part of this work was 

publishe~ previously in a preliminary ~orm.~0 
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II. EXPERIMENTAL 

A. Cross Section Measurement 

As in previously reported radioanalytical measurements of the 

target residue products from RHI reactions, 6-8•14 these products are 

observed through gamma-ray spectroscopy of the target materials subsequent 

to the irradiation. A detailed review of the reproducibility and sources 

of error in such measurements has been made by Orth et a1. 21 and the 

considerations of Cumming22 for proton induced reactions certainly apply 

here. The 197Au targets consisted of two foils, 12.5 em by 10.2 em each, 

with thicknesses 49.3 mg/cm2 and 242.0 mg/cm2, each surrounded by 

6.6 mg/cm2 Al catcher foils. The$e two targets, differing by a factor 

of approximately 5 in thickness, allowed us to evaluate the contribution 

from secondary particle induced reactions to the RHI reaction products. 

The 181Ta target consisted of a single foil~ 13.6 em by 10.2 em, of 

thickness 154.1 mg/cm2, also surrounded by 6.6 mg/cm2 Al foils. An 

external beam of 20Ne was ~elivered to a ~1m air gap by the Bevalac 

at the Lawrence Berkeley Labo~atory. Two separate irradiations were 

performed, one of the gold foils 8nd one of the tJntalum foil. The 

average beam fluxes and duration~ of these irradiJtions are yiven 1n 

Table I. The bemn intensity was monitored on a pulse by pulse basis· 

with a Ar-C02 ion chamber (80% Ar, 20% C0 2) that was developed and 

calibrated for use at the Bevalac facility. 23 In order to check the 

reproducibility of the ion chamber calibration and to facilitate absolute 

normalization of the calibration, aluminum monitor foils were irradiated 

in series with the primary target foils and the ionization chamber. 



These aluminum monitor foils were 20.3 mg/cm2 thick and were surrounded 
. 2 

by 5.6 mg/cm Mylar catcher foils. A schematic diagram of the arrangement 

of the target foils, monitor foils and ion chamber in the air gap 

irradiation facility is shown in Fig. 2. The beam enters from the 

left and passes through the ion chamber, the primary target materials, 

and then through the Al monitor foil. Approximately 30m ahead of 

the targets the beam is bent ~0 clockwise and approximately 2 m ahead 

of the targets it is be~t ~10° further clockwise to remove contaminants 

from the beam. 

Approximate values for the energy loss of the 8.0 GeV 20Ne beam 

in each of the primary targets are given in Table I. The .20Ne10+ ions 

are near minimum ionizing at this energy24 and approximate values of 

the energy loss can be obtained from the Bethe formula. 25 , 24 As one 

can see from Table I the energy lost by the 20Ne beam in all the targets 

is quite small and for the purposes of this work can be ignored. 

Estimates of the attenuation of the beam by nuclear reactions are 

also given in Table I. These values of ~~/~, the emergent flux divided 

by the incident flux, were ~alculated from the total reaction cross 

sections of Heckman et a1. 26 Again, these estimates show that the 

beam is only slightly degraded by passage through the target materials, 

and therefore nuclear attenuation of the beam also can ·be ignored. 

Gamma-ray spectrometric measurements were made with a single 

Ge(Li) detector on~S-10 cm2 area pieces cut from the irradiated target 

foils, which were centered on the beam spot. These measurements began 

. ~20 minutes after the end of bombardment (EOB) for the gold targets, 

~14 hours after EOB for the tantalum target, and continuerl essentially 
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uninterrupted for ~40 days. The identification of the product radio-

activities and the calculation of their production cross sections has 

been described in detail elsewhere, 27 and will only be described briefly 

here. After the gamma-ray measurements were completed the spectra were 

analyzed. with an automatic version of SAMP0. 28 , 27 This code performs 

a peak-find, a peak-fit and then an energy calculation and a full energy 

peak efficiency correction for each spp,r.t.r11m. Decay curve!; .:1rc then 

automatically constructed with the sorting routine TAUl. These decay 

curves are then identified interactively by their gamma-ray energy and 

half-life with the code TAU2. Multiple assignments are made to the decay 

curves at this point if the assignment based on the combination of half

life and gamma-ray energy is ambiguous. Off-line, all the assignments 

are screened to remove multiple assignments and i·nsure that the gamma

ray~ for each isotope were observed with the proper abundances (i.e. 

no transition stronger than the observed transition can be missing). 

The cross section 1s then calculated from the statistically weighted 

average of the observed gamma-ray transitions for each isotope. 

The cross section calculation includes corrections for a 

non-uniform beam level during the irradiation. .During the bomb.:1rdment 
197 of the Au targets 2.4 percent of the beam wo.s delivered in the 

first 175 minutes, and the second 97.6 percent was delivered in the. 

final 416 minutes, with a 21 minute interruption in between. A constant 

beam level was maintained during the bombardment of the 181Ta target. 

The production cross sections for all the activities observed in this 

work are given in Table II. The cross sections and their uncertainties 

due to counting statistics are given in millibarns for each nuclide 
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observed in each of the three targets. The nuclide type, I or C, 

indicates whether the cross section is an independent yield or a partial 

cumulative yield, respectively. Seventy-seven different radioactivities 

were observed in the two gold targets (36 in the thinner target and 

66 in the thicker target which includes those observed in both) and 

74 radioactivities were identified as reaction products in the tantalum 

target. In all, 109 different radioactivities were identified. 

The contribution of secondary particle induced reactions to 

the measured cross sections can be estimated from a comparison of the 

production cross sections measured with the 49.3 mg/cm2 197Au target 

to those measured with the 242.0 mg/cm2 197Au target. Cumming et al. 

have previously reported a study of the secondary reaction contributions 

to the products from the reaction of the 28 GeV protons and 25 GeV 12c 
. "th 5 1ons w1 copper. In their study they found that the secondary contribu-

tions to cross sections measured using two targets of total thickness 

154 mg/cm2 and 1158 mg/cm2 differed by factors that ranged from no 

contribution to 23 percent with the proton projectiles (the highest 

contributions were to near-target products). Estimates of the increase 

in secondary contributions with the 12c projectiles over the protons 

ranges from a factor of ~1 to ~3 when measured with only the thicker 
5 copper target. Novel arguments were used also by Cumming et al. 

to conclude that secondary contributions for 80 GeV 40Ar projectiles, 

for all but the lightest products, were proportional to those found 

from proton reactions. 11 The t~in target used in the present study 

was nearly a factor of 3 thinner than the thinnest targets used in 

obtaining the previously reported estimates of Cumming et al.S,ll 
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and secondary contributions in this foil should be negligible. 

A simple way to obtain a feeling for the variation and importance 

of secondary reaction contributions to the cross sections measured with 

the thicker 197Au foil is to plot the ratio of measurements versus 

product mass number. ·This has been done in Fig. 3 (uncertainties 

represent one standard deviation), and the values of the ratios are 

given in Table III .for the 24 products observed in both foils. Figure 

3 shows that no dramatic variation of the ratio of the measured cross 

sections can be seen as a function of product mass number. A least 

squares analysis shows that the linear function R = 1.044-,.ox 

10-4 A gives a slightly better description of the data than a straight 

line at R = 1. This function is shown by the dashed line in Fig. 3. 

The statistical F test of the incliJ'>ion of the mass number dependence 

of the ratio yields a value of Fx =~.2, which also indicates that 

such a dependence may be justified by the data. 29 However, because 

all the data points (save two) are within one standard deviation of 

R = 1, contributions from secondary reactions to the production cross 

sections were ignnrPrl. 

0. Chcll'y~ drill Mass D1Strlbutions 

The radiochemiLctl cruss sect1ons, whose measurement was described 

above, represent post neutron and charged particle evaporation, post· 

11 fast 11 beta decay production cross sections. Thus, in order to obtain 

tr11P prnrlw:tion cross sections one needs Lu currect radiochemically 

measured cross sections for beta decay, when possible, that occurs 

between the time of their production in the nuclear reaction and the 

time at which they are detected through their own beta d~cay. Once 
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cor.rected these values of the independent production cross sections, 

d2cr/dZdA, can be used to calculate the mass or charge yield, dcr/dA 

or dcr/dZ respectively, and also to estimate the total cross section 

for target re~idue production. 

In order to make the correction for pr.ecursor decay to each 

measured cross section and in order to calculate the total isobaric or 

mass yield we have used the assumption .of Gaussian charge dispersions. 

That is, the independent yield cross sections can be represented by a 

histogram that lies along a Gaussian curve, at constant mass number. 

This is written: 

i o do 
dZdA = dA ( 1) 

with the three parameters: do/dA, the total isobaric yield~ sz(A), the 

Gaussian width parameter, and Zp(A) the most probable Z value for that 

isobar. Given the assumption of Gaussian charge dispersions, the beta 

decay feeding correction factors for cumulative yield isobaric members 

can be calculated once the centroid and width of the Gaussian are knowh. 

In order to uniquely specify these three variables do, sz(A) 
. . CIA" 

and zp(A) one would need to measure more than three 1ndependent yield 

cross sections for each isobar .. But, there are no isobaric chains 

that contain three members that are shielded from beta decay. In 

fact, the nature of radioana·lytical stud1es such as this unt= Llot:!s 

not, in general, lend itself to the measurement of isobaric members. 

Rather, a wide assortment of radioactivities are observed which span 

the entire range of the periodic table that is accessible in the nuclear 
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reaction. As a result relatively few isobaric pairs are observed. 5-8•10 ·11 

A further assumption needs to be introduced in order to apply the 

Gaussian charge distributions to the measured data. The assumption 

is, that the value of do/dA varies smoothly and slowly as a function 

of mass number, A. This assumption is not as severe as the assumption 

that the production cross section~ fnr RHT reactions follow the Hud3tnm 

systematics30 for proton induced reactions that has_~een used in the 

analysis of data .from low mass tar.gets by l.11mmin0 et al. 5•10 •11 /\nether 

state~ent of the former, less stringent, assumption is that the charge 

dispersion curves for neighboring isobarir. r.h~ins should be similar, 

thus, radionuclide yields from a limited mass range can be used to 

determine a single charge dispersion curve. The two Gaussian parameters 

that specify the width, sz(A), and the center Zp(A), of the charge 

distributions are iteratively fit to the measured data over limited 

mass regions. The width parameter has bP.en fn1mrl, in general, to 

be approximately independent of mass number over small ranges of A. 

The center of the charge dispersions were adequately represented 

by linear functions in A, over small ranges of A, with the exception 

that an A2 term was needed for the highest ma~s regions. The width 

parameters and the coefficients of the Zp(A) function are given in 

Table IV. These parameters should not be cons·idered ·a5 absolutes 

but rather as a consistent set. 

The results of this procedure can be seen in Figs. 4 and 5, 

where the calculated isotopic production cross sections are plotted 

versus Z - Zp(A), the distance in Z units from the center of the isobaric 

charge dispersion. Also shown in Figs. 4 and 5 are the Gaussian curves 
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that _are specified by equation (1) with the parameters in Table IV,. 

appropriately calculated for histogram distributions in Z. The data 

fro~ the reaction of 20Ne with 181Ta and 197Au are found to lie along 

the same charge dispersion curves for low mass products, but as one 

gets closer to the mass of the targets the two distributions separate. 

An interesting feature of this comparison is that, as shown in Fig. 

4, the low mass products from this reaction have the same charge dispersion 

width as the same products from RHI reactions with copper targetslO,ll, 3l 

but in this work are shifted towards the neutron excessive side of 

the valley of beta stability. Such comparisons will be discussed in 

the next section. 

The value of the isobaric or mass yield is obtained for each 

data point through the assumption of Gaussian charge dispersions and 

the set of parameters in Table IV. The measured production cross sections 

are adjusted to remove precursor feeding, where necessary, and a set of 

independent yield production cross sections, seen in Figs. 4 and 5, is 

generated. The mass yield is then calculated as the independent yield 

cross section divided by the fractional chain yield. The mass yields 

obtained in this manner are ·shown as the solid points in Figs. 6 and 7. 
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III. RESULTS AND DISCUSSION 

It is convenient to divide the presentation of the results into 

two parts. In the first part the mass distribution results are presented 

and discussed in terms of their implications for limiting fragmentation-, 

and their relation to the total reaction cross section. In the second 

part comparisons of the predir.tinns of different model~ of RHI reactions 

are compared to the detailed isotopic production cross sections for 

near target residues. These comparisons will shed light on the question 

of correlations of neutrons and protons in the nuclear ground state. 

A. Mass Yield Results 

Comparison of the mass distribution from the reaction of 

8.0 GeV 20Ne with 181Ta with the previous studies of proton induced 

t . 14 , 15 · F" 6 h th t "k" t f th RHI reac 1ons, seen 1n 19 •• saws . A s,n 1ng agreemen o c 

results with those from proton induced reactions of the (approximately) 

equivalent total projectile eneryy. This agreement is confirmed by 

the comparison of the 20Ne + 197Au mass distribution with the results 

of Kaufman et a1. 32 for the reaction of 11.5 GeV protons with 197Au 

and the sparser results of Hudis et al. 33 for gaseous products lr·urn 

the react1on ot ~~ GeV protons with 197Au. This comparison can be 

~ccn in Fig. 7. Altl"louyh no complete study ot the reaction of rv400 

MeV protons with 197Au exists, the mass distribution is expected to·· 

be similar to that.obtained with 181Ta targets. 34 

The agreement of the 20Ne 1 
181Ta anJ 197Au mass distributions 

with those produced by high energy protons can be viewed as a manifes

tation of limiting fragmentation, as the studies with copper targets 

. have been viewed. 10 This process whose origins stem from high energy 
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physics, 35 has been extensively invoked and verified in studies of. 

projectile fragments in RHI reactions. 26 •36 The fact that the general 

features of the mass distributions from the reaction of 8.0 GeV 20Ne and 

29 GeV protons with 197Au are so similar, even though differing widely in 

projectile energy, would also lend support to the limiting fragm~ntation 

hypothesis. However, similarity of these final distribution of products 

does not necessitate similarity of the primary excitated systems, as 

suggested in reference 10 from the study of copper fragmentation. 

On the contrary, Morrissey et a1. 37 have shown. that strongly divergent 

distributions of primary products and excitation energies can, in· 

fact, lead to essentially the same final product distributions for 

light fragnenting nuclei. This can be attributed to the dominance 

of the statistical phase of the deexcitation process on the distribution 

of the final product cross sections in the same way as the momentum 

distributions of projectile fragments were shown to be dominated by 

the Fermi momentum. 38 However, these results should be recognized 

as indicating that little, if any, change can be expected in the mass 

distribution if the projectile energy is increased. 

Integration of the mass yield curves, do/dA~ over mass number 

gives the cross section for the production of target residues. We 

have chosen to integrate these curves over the interval from.mass 

number 40 to the mass of the target. We have chosen a lower limit of 

40 mass units for several reason.s, (a) the multiplicity of fragments 

with masses smaller than ~40 is unknown, that is, these products may 

arise from interactions where another heavy fragment also survives. 

This certainly is true for fragments such as protons and 4He, where 
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the number of such fragments per event is much greater than one. 4 

And (b), because in studies such as this one very little data exists 

for these low mass products. 

The results of this integration are contained in Table V. 

The total cross sections for the production of heavy target residues 

from 181 1a and 197Au were found to be 2.8 + 0.5 barns. The fact that 

a small differen~e that would be expected on the basis of mas~ number 

difference was not seen between the two targets is due to the scatter 

in the calculated mass yields. For comparison we have included two 

calculations of the total reaction cross section in Table V. The 

hard sphere calculation refers to the overlap form of the sharp sphere 

model where the total reaction cross section is written: 39 

( 2) 

We have taken the parameters r
0 

and bTp to be 1.37 fm and 0.51 fm, 

respectively, from the work of Heckman et al. on projectile fragmen

tation.26 The soft sphere calculations are those of Karol which were 

developed to take into account both the diffuse nuclear surface and 

the variation of the nucleon-nucleon cross section with energy. 40 

The comparison of the hard sphere calr.IJl,J.tions with .our· 111easured 

heavy fragment cross sections show that approximately 75 percent of 

the reaction cross section gives rise to these products. The soft 

sphere calculation would indicate that these products represent approx

imately 80 percent of the reaction cross section. 
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A current working hypothesis is that target residues are 

d d ·. · h 1 . . 17- 19 A t. t f th . t pro uce 1n per1p era react1ons. n es 1ma e o . e 1mpac 

parameter range that gives rise to these products can be made from 

the fraction of the total reaction cross section that they represent. 

Thus, 75 percent of the hard sphere ~eaction cross section would lie 

between the impact parameter range of 0.5 (RT + Rp) ~ b ~ (RT + Rp). 

This indicates that heavy residues are created in collisions where 

the center of the projectile lies inside the radius of the target 

nucleus. This situation is significantly different from the reaction 

of 40Ar with Natcu where no target residues were inferred to arise 

from such central collisions. 10 

B. Comparisons with Reaction Model Calculations 

Presently there are two models of the collision process 

that occur in RHI reactions that have been used to calculate isotopic 

and mass yield cross sections. They are a microscopic intranuclear 

cascade model of Yariv and Fraenkel 41 and the macroscopic abrasion

ablation model. 16- 19 The predictions of these reaction models for 

the fragmentation of 213 MeV per nucleon 40Ar has shown that the statis

tical deexcitation of the highly excited primary reacti~n products 

plays the dominant role in determining the product mass distributions 

in both calculations. 37 , 42 A.comparison of these two calculations 

has also been made for the target residues produced in the reaction 

of 25 GeV 12c with NatAg. 43 , 42 In this latter comparison, as with 

the comparison for 40Ar, the mass yield curve was well reproduced 

by both calculations. However, unlike the 40Ar fragmentation calculations, 

the isotopic production cross sections, d2o/dZdA, from the two calculations 
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were not at all similar. The Monte Carlo cascade calculation consistently 

over estimated the width of the isotopic distributions while the abrasion

ablation calculation42 was in reasonable agreement with the data. 

Therefore, it is interesting to see if the disagreement between the 

two models increases as the mass number of the fragme~ting nucleus 

1 s increased. 

The collision of the RHI projectile with the target nucleus 

is tn:!dLed as a two step process in the Monte Carlo cascade calculation, 

a fast step with cascading collisions of nucleons from one reaction 

partner inside the nucleus of the other partner, and a slow statistical 

evaporation step of the primary fragments after the fast cascading 

nucleons have escaped or have been captured by the primary fragments. 

The calculation is made using an extension of the intranucleon cascade 

code 44 , VEGAS, for proton induced reactions which has been modified 

to treat two colliding nuclei. 41 The calculations were performed 

with step function density distributions for both nuclei and without 

refraction and reflection at the nuclear boundaries for the cascading 

particles. Fermi motion was includ~d in the projectile as well as 

in the target nucleus. An infinite rearrangement time was assumed for 

the time nP.r.P.~"'ry for the nuclcu5 to respond to Lhe removal of nuc·leons 

from the termi sea by .the fast cascade. Meson production and cascades 

were included via the ISOBAR mode1. 45 The impact parameter for each 

collision was selected at random, and the final production cruss sections 

were integrated over impact parameter. 

The primary fragments from the fast cascade are subsequently 

individually deexcited using a version of the Oostrovsky, Fraenkel and 
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Friedlander statistical model Monte Carlo calculations. 46 , 41 The 

excitation energy of each fragment was obtained from the fast cascade 

code. The absolute value of mass distribution of the final products, 

i.e. after statistical evaporation, from the reaction of 8 GeV 20Ne 

with 181Ta is shown in Fig. 8 by the histograms. For clarity the 

calculated values of the mass yield have been averaged into 5 amu 

wide bins. The uncertainties shown reflect the uncertainties in the 

statistics of the calcul~tions and not the uncertainties in the averages. 

For comparison with the calculations the measured mass yield 

results for this system are shown by the dotted curve in Fig. 8. 

This curve was drawn smoothly through the data points of Fig. 6 by 

eye. Several features of· the comparison with the cascade calculation 

are worth noting: (a) the absolute normalization of the cross section 

for the production of heavy products is approximately correct, but 

is ~25% too large on the average. (b) The general shape of the residue 

distribution is also approximately correct in the region above mass 

number 100. However, below mass number 100 the data and the calculation 

diverge. The cascade-evaporation calculation first prediGts more 

cross section than is observed (nearly a factor of 2 at A ~95) and 

then drops off to zero cross section before A ~so. 

In the abrasion-ablation view of the collision of the RHI 
. . . 16-18 . . . . 
w1th a target nucleus the two nucle1 are taken to be hard spheres 

which move on straight line trajectories. Those nucleons that lie 

in the region of overlap of the two nuclei are sheared off in the 

abrasion (or fast) stage of the collision. ·The spectator fragments 

of the target (and projectile) which consist of the nucleons that 
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were outside the region rif overlap are then assigned an excitation 

energy that is proportional to their excess surface area. The neutron 

to proton ratio of the removed nucleons is taken to be equal to that 

of the target (or projectile) and the variance in the ratio is calculated 

from the zero point quantum vibrations of the giant dipole resonance 

(GDR). 18 The oscillator spring constant for this vibration was taken 

from the liquid droplet model of the.GDR. 47 This calculation can be 

viewed as a leading term approximation to the correlated model of 

Bondorf et a1. 19 in which higher order vibrations are included. 

The primary products are then allowed to deexcite through a statistical 

evaporation chain with neutron, proton and alpha emission, and fission 

competition. 18 

The results of thc5c cJlculations are· shown in Fig. 8 Gy 

the solid line. We have arbitrarily cut off the calculations at 

A 'vllO because products with lower mass numbers arise from collisions 

in which the hard sphere nucleus of the projectile sweeps a cylindrical 

hole through the target nucleus (removing some 40 nucleons and leaves 

a 11 donut-shapedu nucleus with some "'250 iv1eV of excitation energy 

due to its increased surface area). It is doubtful whether such 
.. 

nuclei are created and should be considered, rather, as a region outside 

the limitations of the original model. 16 As with the cascade calculation 

the absolute magnitud~ of the mass yield cross section is overestimated 

uy Llu: dlH'd~iun-ablat1on calculation. However, the cross section 

is over estimated by a factor of ~2 in the latter case, a much larger 

discrepancy than that for the former calculation. The general shape 



-20-

of the distribution of high mass (i.e •. peripheral collision) products 

is reproduced. 

From the comparisons shown in Fig. 8 one can see that both 

models can predict the general shape of th~ mass yield curve for high 

mass products but miss the absolute cross section. Neither calculation· 

can reproduce the mass yields observed for low mass products. That 

is, neither calculation produces the low mass products observed in 

the experiment. This distrepancy was hinted at in the study of Porile 

et a1. 43 with a Ag target nucleus but is dramatized in the results 

with Ta target. 

A mor.e stringent test of the two reaction models can be made 

by comparison of the predicted isotopic production cross sections, 

d2o/dZdA, with the experimental data. A significant difference between 

the two calculations that is visible in the isotopic cross sections 

is the amount of correlation of the neutrons and protons that are 

removed in the fast stage of the reaction. The cascade calculation 

has no correlations at all as the neutron or proton nature of the 

cascading nucleons is selected at random in proportion to their number 

in the nucleus. On the other hand, the nucleons· removed in the 

abrasion-ablation calculations are highly correlated. 42,l8 The 

difference between the final products of the two calculation~ have 

been shown to be ~mall for 16~ mass nuclei 37 but should be large in 

high mass nuclei. Figure 9 shows the calculated final isotropic production 

cross sections for lutetium and hafnium products from the reaction 
20 181 of 8 GeV Ne with Ta. The irregularities in the curves show the 

effects of the variation of excitation ·energy and irregularities in 
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the mass surface on the statistical deexcitation process. The difference 

in the widths of the two distributions is dramatic, especially for 

these peripheral collision products. This difference stems from both 

initial the removal of nucleons in an uncorrelated fashion ~nd the 

delivery to the target nucleus of large amounts of excitation energy 

with little removed mass by the cascade calculation. Comparison with 

the experimental data (cf. either Fi9. 5 or Fig. 10) shows t.hnt the 

cascade calculation grossly over estimates the widths of the expei'iiiJ\:!rltal 

isotopic distributions. This must be due, in part, to a lack of correlations 

in the nucleus. In fact; neither calculation is able to reproduce 

the measured isotopic distributions although the abrasion-ablation 

calculation does describe modestly well the width of the distribution. 

In Fig. lOA we present the comparison of the abrasion-ablation calculation 

to the measurerl i~otopic distributions for the 6Z • 1 and 2 prudutts 

from the 20Ne + 181Ta system. One sees that the calculations fail 

to reproduce both the absolute value and the centroid of the distributions. 

The difference in the absolute normalization was seen before in the 

comparisons to the m~ss yield calculations. The difference between 

the centroids of the calculated and measured distribution~ may be 

easily understood. 

The excitation energies of the p~imary fragments produced. 

in the abrasion-ablation model are merely those due to the increased 

surface area of the fragments. This excitation clearly should be 

viewed as a lower limit to the true excitation of such fragments. 

Two very likely sources of excitation of the spectator fragments are 

any frictional forces acting during the abrasion process and scattering 



-22-

of the participant nucleons ~nto the spectator pieces. 17 To explore 

the magnitude of these excitation energies we have increased the values 

of the primary fragment excitation energies until the centroids of 

the calculations match those of the measured products. The results· 

of this process are shown in Fig. lOA by.the solid squares. The primary 

fragments were raised to a uniform excitation energy of ~75 MeV. 

Extension of these comparisons to products with lower masses was not 

made because of a lack of data for these products. 

In Fig. lOB we show the results of a similar analysis of 

the near target re.si dues fr'om the reaction of 20Ne and 197 Au. The 

features observed with the products from the 181Ta target are ana

logously obtained with the slightly larger target nucleus. In order 

to match the centroids of the iridium and platinum distributions, 

the excitation energies of the primary fragments had to be raised 

to ~60 MeV. The difference between this value and the value of 
181 

~75 MeV for the products from Ta may not be significant as it depends 

on the details of the deexcitation calculation. Thus, we have shown 

that t.hP. near target residues from the reaction of 20Ne with 181Ta 

and 197Au are not accurately described by the Monte Carlo cascade 

calculation or by the a~rasion-ablation calculation. However, the 

abrasion-ablation calculation can be brought into" closer agreement 

if the excitati-on energies of the primary fragment are raised to 

~60 to ~75 MeV. 
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IV. CONCLUSIONS 

This study of the reaction of 8.0 GeV 20Ne with 181Ta and 197Au 

has shown that several features of the reaction processes occurring 

in RHI collisions may be best explored with high mass targets. Our 

results show that the total energy of the projectile is a better 

parameter for describing the mass yield curve than the projectile· 

·velocity for high mass targets. This is a confirmation of the results 

of Cumming et ~1. obtained with low mass targets.S,lO This can be 

viewed as the onset of limiting fragmentation in these reactions, 

or perhaps more enlightening, as evidence for the dominating effect 

of the statistical deexcitation process on the mass yield curve. 

This domination can remove large differences in the distributions 

of highly excited primary fragments of the initial encounter. 37 Comparison 

of the mass y1eld curve to two reaction models, a Monte Carlo intranuclear 

cascade-model 41 ~nd an abrasion-ablation model 42 , shows that ne1ther 

model predicts the existance of low mass products; although, both 

generate approximately the correct shape for high mass product distribu

tion. These differences are much more pronounced than those seen 1n 

the fragmentation of lighter nuclei. 37 •43 Integration of the mass 

yields for nuclei with A >40 shows that "··75 percent of Ll!e hard sphere 

. t. 39 26 ( 40) react1 on cross sec 1 on ' "'80 percent of the soft sphere mode 1· · 

is accounted for in such products. This indicates that collisions 

in which the central density of the projectile lies inside the hard 

sphere radius of the target contribute to these products. Therefore, 

more-central collisions give rise to heavy residues in these collisions 

than with lighter nuclei. Finally, neither reaction model calculation 
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was a~le to reproduce the near-target isotopic production cross sections 

for either target. In the case of the cascade calculation this may 

be due to the lack of correlations of the nucleons in the nuclear 

ground state. The abrasion-ablation calculation fails to reproduce 

the absolute values of the cross sections as well as the centroids 

of the isotopic distributions. The former problem may be an indication 

of the breakdown of the assumption of straight line trajectories in 

the model, while the latter deficiency has been shown to be due to 

an underestimation of the excitation energies of the primary fragments. 
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FIGURE CAPTIONS 

Fig. 1. Large differences in the product mass yield (dcr/dA) obtained 

as a function of incident proton energy are shown by the work 

of Nervik and Seaborg14 (340 MeV) and Grover15 (5.7-GeV). · 

Fig. 2. A schematic diagram of the target arrangement used in the 

bombardment with 20Ne projectiles at the BEVALAC is shown. 

Fig. 3. The ratio of the production cross sections measured with the· 

thick 197 Au target to those measured with the thin 197 Au are 

plotted versus the radionuclides• mass number. The solid 

line at R = 1 represents the value of this ratio that would be 

expected if there was no contribution from secondary particle· 

induced reactions. The dashed curve is discussed in the text. 

Fig. 4. A comparison of the charge dispersion curve for the low mass 

products, 30 ~A~ 50, observed in this work (solid curve) 

with the charge dispersion curve previously measured for 

products in the same mass range produced in the reaction of 

80 BeV 40Ar~ 3.9 GeV 14N~ ~.9 GeV 1H and 1.57 GeVIT- with 

copper10 •11 •31 (dotted curve). The latter curve has been 

arbitrarily normalized to convert the reported values of 

fractional chain yields into isoto~ic production cross sections, 

d2o/dZdA. 
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Fig. 5. The charge dispersion curves obtained in this work are shown as 

a function of mass region of the products. The parameters that 

describe the center and width of the individual curves are 

given in Table IV. 

Fig. 6. The target residue mass distribution, dcr/dA, obtained for the 

reaction of relativistic f.H'ujet.;Liles w"ith a 181Ta target 1s 

!hown. 

Fig. 7. Similar to Fig. 6, the mass distrih11tinn ohtained for the 

8 GeV 20Ne+ 197Au target is plotted. For comparision, the 

data of Kaufman ~t ~1. 32 fnr ll,S ~~V protons (solid squares) 

plus 197Au and the data of Hudis et a1. 33 for 29 GeV protons 

plus 197Au (solid triangles) are also shown. 

Fig. 8. A comparison of the mas~ yield curve measured in this work 

(dotted) with the predictions of the Monte Carlo cascade 

rnode1 41 (h·istograrn)· and w'ith the pred1ct1ons of the abrasion

ablation model 42 (solid curve). 

Fig. 9. Calculated final product isotopic distributions are shown for 

the reaction of 20Ne + 181Ta to produce 1ut€!t1um und hafnium 

1sotopes. The sol1d line is from the abrasion-ablation model 42 

and the h1stograms from the cascade model.~ 1 
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Fig. 10. The isotopic production cross sections from the abrasion

ablation model (triangles) are compared to the measured 

data (solid points) for the reaction of 20Ne with 181Ta, 

(A), and 197Au, (B). The results for the deexcitation of 

more highly excited primary products as discussed in the 

text are shown for both target nuclei (solid squares). 
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Table I. Irradiation conditions, target thickness and approximate values of the 
beam degradation by the target foils. 

Foil Length of Energy Loss Nuclear Reaction 
Target Thickness Average Flux Bombardment in Target Attenuation 

{mg/cm2} {Qarticles/min} {minutes} MeV (Qercent} ~ ·/·~ 

Au- I 49.3 <15 (<0.2) 'V. 9994 

7.19 X 109 612 

Au- II 242.0 <60 (<0. 7) 'V. 997 

Ta 154.1 1.64 X 1010 247. <40 (<0.5) 'V. 998 
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Table I I. Cross Sections (in millibarns) observed in this work. 

Nuclide Type a 49.3 mg7cm2 Au 
arget 

242 mg7cm2 Au !54 mg/cm2 Ta 

7Be c 37.6 + 2.5 -
24Na c 33.4 + 3.3 28.9 + 2.9 - -
28Mg c 7.5 + 2.0 5.7 + 0.75 -
41Ar c 18.3 + 1.8 17.8 + 1.8 

42K I 9.04 + 0.9 7.4 + 0.7 

43K c 54.5 + 14.4 

44sc I 1.9 + 1.5 -
44msc I 3.2 + 0.3 -
46sc I 9.3 + 0.9 14.8 + 3.2 - -
48sc I 2.8 + 0.4 2.8 + 0.1 2.4 + ·o.4 - -
48v c 3.1 + 0.3 3.1 + 0.3 - -
51cr c 6.9 + 2.8 Si -
52Mn c 1.66 + 0.11 

54Mri I 9.0 + 1.3 10.6 + 1.4 - -
58 co I 5.7 + 1.4 8.7 + 0.9 - -
59 Fe c 2.8 + 0.2 2.3 + 0.2 - -
65zn c 7.0 + 1.4 -
72Ga c 3.1 + 1.8 -
72As c 6.7 + 0.6 7.6 + 1.2 -· 
73se c 3.6 + 2.0 1.8 + 0.1 -
74As I 5.2 + 0.9 4.8 + 0.6 

-: -
75se c 6.4 + 0.4 7.7 + 6.1 - -
76As I 9.0 + 0.9 -
77 Br c 4.3 + 0.8 3.5 + 0.3 - -

82mRb I 6.4 + 0.8 -
83Rb c 8.5 + 1.2 8.7 + 0.9 - -
84Rb I 3.8 + 1.4 4.1 + 0.3 2.2 + 0.3 - -
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Table II. (continued) 

Nuclide Type a ~9.3 mg7cm~ Au 
Target 

2ll2 mg7cm~ Au I5ll mg7cm~ ia 

86zr c 4.8 + 1.1 -
87y c 8.1 + 0.8 -

87my c 9.8 + 0.9 -
88y c 5.4 + 0.5 -
88zr c 7.7 + 0.7 8.7 + 0.5 - -
89zr c 8.3 + 0.8 9.2 + 0.9 8.4 + 0.8 - -
90Nb c 7.2 + 0.7 6.7 + 0.7 

92mNb I l.6 + 0.1 -
93mMo I 4.1 + 0.4 2.9 + 0.2 -
95Tc c 9.0 + 1.2 10.4 + 1.3 - -
96Tc I 3.6 + 1.3 2.8 + 0.3 - -
97Ru c 4.0 + 0.3 4.4 + 0.3 5.8 + 0.4 ~ - -

101mRh c 6.1 + 0.8 
104 c 5.8 + 3.0 1\g -
106mAg I 3.9 + 1.2 -

110m In c 7.4 + 1.8 -
111 1n c 5.3 + 0.3 6.5 + 0.4 - -

118msb I . 8. 6 + 0.8 -
119mTe c -~m 2.1 + 0.4 -
121Te c 8.5 + 0.5 12.2 ;- 0.7 -
1?11 c 10.6 . + 2.3 

122xe c 7.2 + 0.7 10.1 + 0.7 - -
123! c 9.1 + 1.1 8.2 + 0. 7 8.1 + 0.9 - -
125xe c 8.6 + 0.8 -
127xe c 7.7 + 0.7 11.5 + 1.1 - -
128Ba c 11.5 + 2.4 -
129Cs c 16.7 + 0.9 -
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Table II. (continued) 

Nuclide Type a 49.3 mg/cm2 Au 
arget 

242 mg7cm2 Au I54 mg7cm2 Ta 

131Ba c 20.4 + 1.0 19.5 + 2.4 21.8 + 5.1 - -
135ce c ---· 14.7 + 0.6 -
138mPr I 2.5 + 0.9 

139ce c 8.4 + 1.6 -
145Eu c 16.1 I. 1.6 29.8 + 3.6 -
146Eu c 21.4 + 2.1 -
147Eu c 22.7 + 3.8 17.0 + 4.6 - -
149Gd c 12.1 + 2.4 12.7 + 8.6 -

150aTb c 4.7 + 0.8 -
151Tb c 10.9 + 7.3 21.0 + 16.0 -
152Tb c 13.6 + 6.3 12.0 + 6.1 36.6 + 7.5 - -
153Tb c 15.9 + 5.3 -
153Dy c 9.7 + 2.1 -
155Tb c 6.8 + 0.6 -
155Dy c 13.6 + 1.4 12.2 + 1.2 

1570 
.Y c 28.3 + 1.9 -

160Er c 9.0 + 3.8 12.3 + 2.9 19.4 + 3.1 - -
161Er c 36.0 + 3.6 30.8 + 1.7 38.0 + 22.0 -
165Tm c 41.0 + 16.0 

166Yb c 29.9 + 4.1 28.6 + 2.9 63.0 + 6.2 - -
167Tm c 17.0 + 6.7 15.4 + 4.9 33.0 + 1.3 - -
169Yb c 7.4 + 2.2 -
169Lu c 29.1 + 2.1 36.0 + 11.0 -
170Lu c 27.9 + 2.1 57.3 + 1.1 - -
170Hf c 16.5 + 8.1 36.4 + 7.2 -
171Lu c 19.0 + 1.9 26.2 + 5.0 46.7 + ·2 .1 - -
171Hf c 41.4 + 3.0 -
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Table I I. (continued) 

Nuclide . Type a arget 
154 mg/cm2 Ta 49.3 mg/cm2 Au 242 mg/cm2 Au 

172Lu I 11.1 + 1.-4 -
172Hf c 24.5 + 2.7 

173Hf c 32.8 + 8.6 -
173Ta c 12.0 + 7.0 9.0 + 2.8 -
174Ta c 21.1 + 6.4 -
175Hf c . ·- 59.S + ~.7 

176Ta c 52.0 + 25.0 53.0 + 20.0 55.4. :!:. 2.? -
177Ta c 16.8 + 1.7 -
181Re c 42.4 + 8.0 39.1 + 3.8 -
183Re c 53.0 + 18.0 

184Ir c 18.9 + 7.0 13.0 + 4.5 

185Ir c 29.2 + 3.0 

187Ir c 58.0 + 17.0 

189Ir c 42.6 + 4.1 41.3 + J.6 -
190Il· I 5.!1 + 0.!:1 5.0 + 0.46 -· 

192rr I 2.8 + 0.2 -
188Pt c 32.4 + 3.0 29.8 + 2.8 -
191pt c G0.6 1' 9.2 -
l91Au c 31.7 + 2.8 

194Au I 56.0 + 3.8 -
196Au J 174.0 + 25.0 181.9 + 14.4 

198Au I 43.1 + 3.8 16.6 + 0.8 -

a) Nuclides are typed I or C to indicate either independent yield or partial 
cumulative yield, respectively. This distinction is discussed in the text. 

-



Table II I. 

Nuclide 

41Ar 

48sc 

72As 

84Rb 

89zr 

90Nb 

·97 Ru 

123r 

131sa 

152Tb 

155Dy 

160Er 

161Er 

166Yb 

167Tm 

171Lu 

173Ta 

176Ta 

181Re 

184Ir 

189rr 

190Ir 

188Pt 

196Au 

-38-

Ihjck to thin target cross section ratio from the 
97 Au targets. 

Ratio 

0.97 + .14 

1.00 + .15 

1.13 + • 21 

1.08 + • 41 

1.11 + .15 

0_. 93 .!. • 09 

1.10 + .11 

0.90 + .13 

0. 96 + .13 

0.88 + • 61 

0.90 + .13 

1.37 + .66 

0.86 + .10 

0.96 + .16 

0.91 + .46 

1.38' + .30 

0.75.!. .50 

1.02 + .62 

0.92 + .23 

0.69 + .35 

0.97 .+ .13 

0.91 + .17 

0.92 + .12 

1. 05 + .16 

a (242.0 mg/cm2 197Au) 
a (49.3 mg/cm2 197Au) 

.. 
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Table IV. Charge dispersion parameters. 

Mass Range. Target Sz Z (A) = a + bA + cA2 
p 

a b c 

7 - 48 Ta, Au 0.55 0.1 0.456 0 

51 - 76 Ta, Au 0.475 1.0 0.436 0 

73 - 77 Ta, Au 0.45 -4.9 0.526 0 

82 - 88 Ta, Au 0.45 -0.64 0.454 0 

86 - 106 Ta, Au 0.45 5.95 0.391 0 

110 - 139 . T;;~) A1.1 0.45 ~.76 0.400 0 

145 - 157 Ta ~ 0.4!1 ~ U:~ ~ 0.337 0 
Au 

160 - 169 Ta ~ 0.45 1-~·l. ~ 0.463 0 
Au -b.b 

169 - 177 Ta 
f 

0.50 ~-~· 31 0.485 -3.8xlo-4 
Au 0.45 

181 - 191 Au 0.50 -0.1 . o. 485 -3.8xlo-4 

• 
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Table V. Total cross section comparison. 

20Ne + 18lra 

20Ne + 197Au 

Experimental 
Large Fragment Cross Section 

(barns) 

2.8 + 0.5 

2.8 + 0.5 

Calculated Cross Section 
(barns) 

Hard Sphere Soft Sphere 

3.64 

3.80 

3.47 

3.59 
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