& SO wl

IL——.—Q‘:{»

LBL-15286

Preprint"a“

UNIVERSITY OF CALIFORNIA

RECEIVED

ALY ser 1wy TX

s
BERKELEY (.

ELawrence Berkeley Laboratory

ARNDRATORY
JAN 31 1983

LIBRARY AND
DOCUMENTSSECﬂoN

To be published in the Canadian Journal of Chemistry,
Leo Yaffe Festschrift Volume

HEAVY TARGET FRAGMENT YIELDS IN THE INTERACTION OF
28 GEV PROTONS WITH 298y

B.V. Jacak, W. Loveland, D.J. Morrissey,
P.L. McGaughey, and G.T. Seaborg

November 1982

— >

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

N0 SI=71977



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not .
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

e




HEAVY TARGET FRAGMENT YIELDS IN THE INTERACTION OF

28 GEV PROTONS WITH 238y

B. V. Jacak, W. Loveland, D. J. Morrissey,

P. L. McGaughey and G. T. Seaborg

Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

This work was supported by the Difector, Office of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear
Physics of the U. S. Department of Energy under Contract DE-AC03-76SF00098.

This article is to be published in the Canadian Journal of Chemistry,
~ Leo Yaffe Festschrift Volume.

November 22, 1982



Heavy Target Fragment Yields in the Interaction of 28 Gev
Protons with 2380.

B.V. Jacak*, W. Loveland**, D.J. Morrissey*, P.L. McGaughey

and G.T. Seaborg
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ABSTRACT

The yields of target fragments from the interaction of

h 2380 have been measured, with special atten-

28 GeV protons wit
tion being given to those fragments with 160 < A < 200. From

the measured fragment yields, isobaric production cross sections
were calculated. Significant yields (g(A) ~ 1-10 mb) of heavy
target fragments (160 < A < 210) were found. These fragments

are believed to be the non-fissioning survivors from the popu-
lation of highly excited residual nuclei produced in the initial
P-nucleus collision. A pedagogical calculation of the fission-
particle emission competition shows how the initial highly excited

heavy nuclei could evaporate ~ 20-50 particles while surviving

fission competition.
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Research, Division of Nuclear Physics of the Office of High
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Introduction

Five years ago, Loveland et gl.(l) reported that in the

12 238U, one observed in addition

interaction of 25 GeV ~“C with
to the expectéd fission fragments, large yields of heavy
target frégments with 160 < A< 200. Subsequently, McGaughey,
et g&.(z) reported obsérving the production of these fragments

20Ne with 238

in the interaction of 8 GeV U although the
magnitude of their yields was less. These observations
were significant for a number of reasons. First, since
such products had not been observed in the interaction of

relativistic protons with 238

U (see ref. (3) for a summary

of these data), it appeared that these reaction products

were produced by a mechanism unique to;nucleus-U collis{ons

as compared to nucleon-U collisions. A study of these pro-

ducts might then offer the possibility of studying unique

aspects of nuclehs-nucleus collisions. Second, the question

arose as to how such products could be formed. If they

were spallation products, that meant that ~60 A units were

removed from the target during the initial reaction and

the subsequent deexcitation of the target fragment. Naively

one might have expected the heavy nucleus to fission rather

than allow such an extended evaporation process to occdr.
Because of the importance of the issues raised by the

observation of large heavy fragment yields in relativistic

nucleus-U collisions, we‘thought it to be prudent to caréfully

re-examine the pattern of taréet fragment yields in relativistic

p-U collisions to see if any evidence could be found for heavy

target fragment survivors of the primary projectile-target en-



counter. Accordingly we report in this paper the obser&ation

of such fragments, produced in significant guantities, in the
interaction of 28 GeV p with 2380. We use a pedagogical model
of fission-particle emission competition to show how these heavy
target fragments could be formed from the highly excited products

of the initial p-U collision.

Experimental

A natural uranium foil of thickness 33.5 xﬁg/cm2 surround-
ed by mylar catcher foils of thickness 35.5 mg/cm2 was
irradiated for 63 minutes in an external beam of 28 GeV
protons from the Alternating Gradient Synchrotron at Brookhaven
National Laboratory with an average pa;ticle intensity of

1Y

7.8 x 1013 protons/minute. .The intensity of the beam sfriking
the target was determined by measuring'the yields of 22Na
andv24Na in a 12.72 mg/cm2 Al foil irradiated simultaneously
with the U foil. The following monitor production cross
sections(4) were used: . 0(24Na)=8.010.3 mb; c(zzNa)=9.831.0 mb.
Following a one day delay for shipment of the irradiated
foils to the Lawrence Berkeley Laboratory, analysis of the
radioactivities of the target fragments began. The irradiated
U foil and the mylar catcher foils were cut approximately
in half; the target was counted before and after the cutting
process, allowing an exact determination of the relative
fractions. One half of the target and its associated mylar
catcher foils were subjected to direct y-ray spectroscopy,
while a chemiéal group separation procedure was applied

2

to the other 33.5 mg/cm® U foil half without its catcher



foils. In'the former case, all of the target fragments

should have been stopped in the U foil-catcher assembly

(5-15); in the latter case, attention was focused on the

yields of thé heavy (160 <A< 210) fragments and based upon
prior experiments on the ranges of n-deficient heavy rare-
earth nuclideglzl only a negligible fraction of the total
yield of these products should escape from the U foil.

(For the yields of the As and Sb isotopes measured by radio-
chemical techniques and direct foil counting, no discernible
difference between the two measurement techniques was noted).
The chemical procedure used was that developed by J.V. Kratz

(16) with minor modifications. It is based

and co-workers
on the volatility and ion exchange behavior of the bromide
complexes of the elemenﬁs.~ Chemical yields of various elements
were calculated by comparison of the separated radioactivities
with those in the unseparated foil or where available, by
the yield of v;rious tracers employed in the chemistry.

The assay of the target fragment radioactivities and
the calculation of measured nuclidic production cross sections
from them was done using standard techniques that have been

(17)

described previously The results of these measurements

for the'interaction of 28 GeV protons with 238U are summarized
in Table 1. Also tabulated in Table 1 for comparison with
the present data are other measurements of the target frag-

238

ment yields in the interaction of U with protons of energy

11.5-29 GeV. (At proton energies above 10 GeV, the target
fragment yields are known to be essentially independent

of proton energy(a'la).)



No corrections were made for reactions induced by second-
ary particles because we have no experimental measurement
of the magnitude of the effect for our bombardment. Based
upon the known systematics of such corrections(3), we wéuld
expect this correction to be very small, given the thickness
of our target, for the neutron-deficient nuclides on which
this paper focuses and to be 10% for the neutron rich
nuclei. |

The measuted cumulative-yield productiod cross sections
(which include contributions from nuclei prqduced by radio-
active decay) were corrected for this decay feeding by an
iterative fitting of Gaussian distributions to the measured
data in a manner described previously(lg). These are shown
in Table 1 as "Calculated Independent Yield." In making
this correction, one assumes Gaussian charge dispersions;
i.e., the independent yield cross sections can be repre-
sented by a histogram that lies along a Gaussian curve,
at constant mass number. This is written as:

2
g(z2,A) = a(a) {[Zﬂsi (A)] =1/2 exp [[Eg(—t)l-] (1)
_ -2s_ (A)

with the three parameters: o (A) the total isobaric yield,
sz(A) the Gaussian width parameter, and zp(A) the most probable
Z value for that isobar. By assuming that o (A) varies
smoothly and slowly as a function of mass number A and is
roughly constant within a small A range, one can iteratively
fit the measured data, determining ZP(A) and sz(A) for limited
mass regions. The results of this procedure are shown in

Figures 1, 2, and 3, with the values of s,(A) and ZP(A) being

tabulated in Table II. The values of Sz(A)‘are believed



to be known to 0.1Z units while the values of Zp(A)'are

believed to be known to 0.3 s,(A). In the mass regions

- (84-96, 97-111 and 118-143) where fission is an important
contributor to the product yields, ﬁhe charge dispersions

~are either very broad or double-humped, a fact previously
noted(3). The isobaric or mass yield for each data point

was calculated (13) and the resulting fragment mass distribution
is shown in Figure 4 and Table I along with the p;eviously

published work of Chu et a1(3),

Results and Discussion

Heavy Fragment Yields

The primary focus of this paper is on the yields of
the heavy (160 <A <210) fragments produced in the inter-
action of 28 GeV p with 2380. However, since the yields
- of many of these fragments were measured by off-line y -ray
spectroscopy of chemically separated fractions in which
the chemical yields were determined by comparisons with
‘the radionuclide activities in the unseéarated foils, the
accuracy of the heavy fragment measurements is directly
related to the accuracy of all the radionuclide activity
measurements. In Figure 5} we compare the measured cumulative
yield radionuclide production cross sections from this work
with values determined previously for this or similar reactions
(data from Table I). The average ratio of the Eross sections
measured in this work to those determined previously is
1.10, indicating overall general agreement between this

work and previous work. There is, however, a certain scatter
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to the ratios perhaps due to the fact that the values re-

ported herein were the results of a single measurement rather
than the combination of many measurements as frequently
reported in the past.

The measured cumulative-yield radionuclide production
cross sections for species with 1735gy§207 range, in general,
from 1 to 10 mb, indicating without a doubt that these
fragments are produced in significant yields in the inter-

h 2380. The charge dispersions for

action of 28 Gev.p wit
the species with 182 < A< 207 are moderately well-defined

(Figure 1) and ;hus the isobaric yields derived from them

(Figure 4) of 5-10 mb for these fragments appear to be reasonably
well established (they do significantly exceed the measured
radionuclide production cross section§.because of the cor-
rection for unobserved members of the mass chains.) The
production of these heavy fragments is; therefore, a process

with a total cross section of ~250 mb. In any case, the

yields of these fragments are signifiéantly higher than

would be expected for fission fragments based upon the shapes

(3'13’14), which show a

of the siqgle fragment mass spectra
pattern of sharply decreasing yields from A = 120 to A = 170
(where the isobaric yields are ~5 mb).

Given the existence of significant yields of fragments
with 160< A< 210, the question arises as to the mechanism
for their formation. High energy proton induced reactions
have generally been described in the framework of a two
step model in which the reaction proceeds via a first step

of a fast intranuclear cascade as the incident proton inter-

acts with the target nucleons followed by a slower second
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step in which the target residue of the first step deexcites
by emission of nucleons or light nuclei or fission. Con-

(20-22) ¢ the

ventional intranuclear cascade calculations
first step of the reaction have been restricted to projectile
energies of ~1000 MeV/u where only single isobar or pion
production is considered. Other calculational models for

the first step of the reaction, such as the abrasion-ablati0523)

or firestreak models (2425

» which do work properly at pro-
jectile energies above 1000 MeV/u are not appropriate for |
proton induced reactions. (In the firestreak model the
incident proton is divided into collinear tubes leading

to the stopping of pieces of the proton in the target, an
unrealistic Situation, while the abrasion-ablation model

is generally thought(24) to. treat the excitation energyiigiven
to the target residue in an overly simplistic and erroneous

" manner.) Thus we do not have a realistic calculational
'model for treating the first step of the reaction between

238U nucleus.

a 28 GeV proton and a
Nonetheless we have attempted to pursue the question

of the origin of the heavy (160< A< 210) fragments in a .

didactic manner. We have assumed an initial distribution

of target fragment mass, charge and excitation energy as

might be appropriéte for the first, fast stage of the p-U

collision and then attempted to compute the final producﬁ

distribution after deexcitation of these primary residues.

In doing so, we can show the types oé events that could

lead to products in the 160 < A< 210 region. Figure 6 shows

the shape of the assumed fragment distribution from the

28 GeV p + 238y reaction after the first, fast step of the



reaction. (This distribution is predicted by the firestreak
model(zs) for the 28 GeV P+ 238U reaction; a very similar
distribution is prédicted by the VEGAS intranuclear cascade
code(zo) for the interaction of 1 GeV protons with 238U.)
The charge distributions associated with the A and E* distri-
butions of Figure 6 are generally cenﬁered about the valley
of B-stability.

The deexcitation of the members of this initigl frag-
ment distribution was calculated using the EVA3 code of
McGaughey and Morrissey(zs). EVA3 is a modification of the

t(27—29)

original stepwise Monte Carlo treatmen of the deexci-

tation of nuclei by particle emission and fission known
as the DFF code. The original DFF code was modified to
include a more realistic treatment of fission competition.

The excitation energy (E*) dependence of I'f/I'n is given

by3°
r 4A
f/r =
n [Koan 2af&(3*-3f)5—1]

2/3af(E*-Bn)

exp [Zan%(E*-Bn)-Zaf%(E*-Ef)%] (2)

where Ff and Fn are the fifsion and neutron emission widths,
respectively, A the mass number of the nucleus with excitation
energy E*, neutron binding energy B,/ fission barrier height
Ef, and Ko is the r.m.s. value of the projection of the
angular momentum on the nuclear axis of symmetry. The values
of the'levelvdensity parameters at the fiséion saddle point Ay
and the equilibrium deformation a,r were chosen. in a

manner discussed later. The fission barrier heights are

calculated using the simple approximate formula of Cohen

and Swiateckg3l)



2]
)
1}

0.38 (0.75 - X) EO for 3 < x< 2/3 (3)

E

£ 0.83 (l —'x)3 E: for 2/3 < x <1

where the fissionability parameter, x, is given by

g2
X = - (4)
'50.88 A (1-1.7826 (322%) 2

and E: = 17.80 a%/3, fThe variations of the widths of the
fission mass distributions as.a function of the ;,A and
E* of the fissioning system are calculated using the formalism
of Nix(32).

Several thousand deexcitation chains were followed
to determine which members of the initial fragment distri-
Sutions, if any, survive ta form fragments with final mass
numbers of 160 < A < 210. The fraction of the initial popu-
lation that survives to form heavy fragments is a very
sensitive function of the level density parameters ag and
a,. 1In Figure 7 we show the results of two calculations
of the final fragment distrib@tiohs (starting with the initial
fragment distribution of Figure &) made with two separate
assumptions about ag/a , i.e., ag/a, = 1.0 and ag/a = 1l.1.
(Both of these choices for af/an are reasonable for the
nuclei and excitation energies encountered(Bo).) The yields of
the heavy fragmenté change dramatically with this small variation
in af/an, as is illustrated in Figure 7 and was also observed
by Wilkins, Steinberg and Kaufman (33). To stuéy exactly which

initial fragments survive fission decay to become heavy fragments,

we arbitrarily fixed af/an using the fdrmula
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0.1
a = 1l + = «d (5)
£ [ loglo(E* Ef) ] n

Using equation (5) to fix the af/an ratio in our model;
we then studied the outcome of ~3000 deexcitation chains
to see which members of the initial fragment population
survived to become heavy fragments and how they "escaped”
fission. 1In Figure 6 we show those members of the initial
fragment population that survived to form fragments with
160 < A < 210. As one can see from examining Figure 6,
these survivors are fairly evenly distributed in mass num-
ber from 215 to 235. Because the initial distribution falls
steeply with decreasing mass number, the lower mass initial
fragments from the fast first stage of. the reaction must have a
greater probability of-surviving to become heavy fragments despite their
high excitation energy. This is, of course, due to the steeply
decreasing fissionability of nuclei within the Ra-Th-U region
with decreasing 2z and A. Due to this, the yield of heavy frag-
ments should increase in reactions with heavy targets where
a larger fraction of the initial fragment distribution has lower
Z and A. Thus greater heavy fragment yields are expected in

232

the reaction of high energy protons with Th or in the reaction

of relativistic heavy ions (which remove more mass from the

2380.

target than protons) with
Deexcitation chains that lead to heavy fragments generally

start, especially for primary fragments of hightz and A,

with copious charged particle emission (to escape the region

of high fissionability) followed by long chains of successive

neutron emission (as the nuclei are very n-rich due to the
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chafged particle emission.) The average deexcitation chain
leading from the primary to the final heavy fragment distri-
bution removes 53 nucleons and approximately 770 MeV of |
‘excitation energy. The average number of particles emitted
is 34, with the relative abundanges: n-66%, p-9%, 4-9%,

3He-l% and 4

t-é%, He-6%. The relative numberé of particles
emitted are approximately what one would expect(27) for any‘
heavy nucleus excited to 700 MeV. One might conclude that
events producing fragments with 160 < A < 210 contain an
unusually large fraction of the "deeper" spallation events
from the fast initial stage of the reaction, and of these
events the ones leading to heavy fragment survivors consist
of those which happen to begin their deexcitation by emit-

ting several charged particles rather than fissioning.

Fission Fragment Yields

The most important new data reported in this paper
are the yields of the heavy fragments from the interaction

of 28 GeV protons with 238

U. However, as remarked upon
earlier, we did measure the yields of the fission fragments
simultaneously with the heavy fragments and the two measure-
ments are connected in a variety of ways. Figure 4 shows
the isobaric yields of all the fragments (from the 28 Gev

p + 238U reaction) measured in thlS work along w1th a summary(3)'
of previous radiochemical measurements for this reaction.
For the fragments with 70 < A < 140, there is general agree-~
ment between the previous work and the isobaric yields from

the current work (especially considering that the data reported

.
.
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herein are the result of a single measuremént). The fragment
yield distribution in this A region appears to have a plateau-
like structure unlike the more sharply peaked fragment distri-
bution seen(l3'34) in the reaction of 11.5 GeV protons with
238U. Some fragments with A <70 were observed as well,
howevet the quality of the data was not as high as for the
heavier fragments, so these data are not included.

In the fragment mass regibn 140 < A < 160, there is
general agreement between the measured cumulative yield
cross sections of this work and previous work (Table I,
Figure 5) but disagreement exists as to the isobaric yields
that should be deduced from the measured data. The charge
dispersions fitted to the data in this work are not well-
defined because of the lack of measurements of very neutron
deficient and any possible neutron-rich species. 1In previous
work(3), the charge distribution for A = 147 was found to
be double humped with significant neutron-deficient and
neutron rich components. The neutron rich nuclides seen
by Chu et 3&‘3) were not seen in this work and thus we have
no evidence for a broad double~humped charge dispersion
in this work. Therefore we conclude that any discrepancies
between the isobaric yields measured in this work and previous
work are more apparent than real. These discrepancies serve
as a warning about the difficulty of deducing fragment isobaric

yields in a complex reaction without an extensive set of

primary measured radionuclide yields.
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Conclusion

The principal things we have learned from this study

are:

1. Heavy fragments (160 < A< 210) are produced with
significant yields in the interaction of 28 Gev

238U.

protons with |
2. These heavy fragments could result from primary
fzagments that have emitted large numbers of charged
particles early in their dexcitation and could
represéntvthe "deeper" spallation portions of the
primary fragment distribution.
3. We would expect la;ger producgion cross sections
of heavy residues for proton induced reactions with

232 208

lighter targets such as Th or Pb, or for

heavy-ion induced reactions with 238y,
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Table I
"Target Fragment Yields in the Interaction of
28 Gev.p + 238y,
Calculated
Measured Production Previous Independent . Isobaric

Nuclide,‘ Cross Section {(mb) Results (mb) Yield (mb) Yield (mb)
Tlag 3.4 + 0.2 1.22 3.4 + 0.3 19.3 + 1.9
125 4.7 +0.3% 4 4.5 + 0.5 18.4 + 1.8
T4ps 6.9 + 0.3% 6.22 6.9 + 0.7 18.2 + 1.8
T6ps 6.2 + 0.4" 8.0 + 2.0° 6.2 + 0.6 22.0 + 2.2
8dgp 8.5 + 0.05 6.9 + 0.3° 8.5 + 0.8 21.4 + 2.1
86y 3.7 + 0.4 3.2 + 0.3 24.8 + 2.6
87y 7.2 + 0.08 6.1 + 0.6 25.4 + 2.5
87y 9.0 + 0.8 7.5 + 0.7 31,3 + 3.1
88sr 4.6 + 0.2 4.2 + 0.7 39.8 + 4.0
892r 4.4 + 0.2 3.7 + 0.4 18.1 + 1.8
30ub 2.7 + 0.2 2.4 + 0.2 28.8 + 2.9
As, 8.7 0.5 (14.3 + 0.4%)
My 0.26 + 0.08 0.24 + 0.08 14.2 + 1.4
93Myo 0.82 + 0.34 0.82 +'0.34 20.9 = 2.1

9zr 13.5 * 0.4 12.8 £ 1.3 23.9 + 2.4

F5yp 7.7 0.8 7.7 + 0.8 20.9 + 2.1

Fre 3.2 +0.07 2.9 + 0.3 9.7+ 1.0

b 5.4 0.5 5.4 £0.5 83.9 + 8.4

¥re 2.18 + 0.06 2.2 +0.2

7 1M.8 1.2 1.8 £1.2



Nuclide

9o
100,
101Mg,,
105g,,
105,

106MAg

11,
1185}
TI9M
1205,
121,
122,
123

124

I

Sb
124,

125Xe
126,
1274,
127.
128,
128Ba

129cs

18

Measured Production Previous Calculated Independent. Isobaric
Cross Section (mb) Results (mb) Yield (mb) Yield (mb)
17.0 + 0.4 1.5 £ 1.1 32.9 + 3.3
2.3 + 0.5 2.2 0.5 43.6 £ 9.2
4.0 + 0.5 4.0 * 0.5 -
10.4 = 0.2 8.3 + 0.8 37.3 = 3.7
20.7 + 1.4 12.3 = 1.2 32.2 + 3.2
2.1 20.2 2.1 %0.2 -
5.0 = 0.1 5.0 + 0.5° 4.2 * 0.4 22.9 £ 2.3
2.0 =o0.% 2.0 0.2
2.1 =0.7 2.1 = 0.7
3.4 +0.1* 3.4 0.3
4.4 + 0.4 3.4 +0.3 4.4 + 0.4*
5.7 + 0.3 5.6 * 0.6 22.0 £ 2.2%*
6.9 * 0.04 (9.5 + 0.3%) " 6.0 0.6 6.9 = 0.7+
5.6 = 0.3 5.6 + 0.6 23.1 = 2.3%*
2.2 +0.1 (3.0 = 0.1F) 2.2 £0.2 5.5 + 0.5
6.3 + 2.3 6.4 + 1P _ 6.0 2.2 6.6 + 2.4*
3.7 = 0.2* 3.7 £ 0.4 21.7 + 2.2%*
7.2 £ 0.4 2.6 0.3 19.8 + 2.0**
7.7 £ 0.6 7.6 +0.8 8.7 + 0.9*
2.7+ 0.1 1.9 0.2 20.8 + 2.1%*
2.6 + 0.09 (&3 g:g;’ ' 2.6 0.3 10.7 £ 1.1#
8.3+ 2.4 (9.5  0.2) 1.8 + 0.5 7.8 + 2.3
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Measured Prod : : .
Nuclide Cross Sectionu?::l:?n R::ﬁ:::u?mb) ca]c""g‘?g?d“(':gl)’endent ﬁgl]::rz’:b) Y,
132, 13.1 = 0.07 10.8 = 1.1 1.9 = 1.2¢
1410 6.2 + 0.3 » 3.5 + 0.3 14.1 £ 1.4%+
Wee © a3:02 RPN 2.7 £0.3 15.2 & 1.5+
% 4.7 + 0.08 5.9+ g:g:' 1.8 :0.2 4.8+ 0.5
M6 3.8 £ 2.2 i gfg:' | 2.4 +1.4 3.9+ 2.3
149, | 5.0+ 0.7 222 : ;:g? 0.94 ¢ 0.12 5.4 + 0.7
181y 8.9 £ 5.7 3.4 £0.20 3.5 +2.3 9.0 + 5.8
152y, 3.1:0.08 ° o 0.54 £ 0.05 4 3.0:0.3
160¢,. 2.7 + 0.8 2.7 +0.8 2.7+0.8
166y, 6.2 + 0.3 4.9+ 0.5 6.2 ¢ 0.6 6.9 £ 0.7
My 3.2+ 0.1 0.034: 0.041" 1.1 :0.1  37:0.4
173y¢ 5.2+ 0.4 2.6 0.3 5.1t 0.5
18295, 4.1:0.3 | 4.0 = 0.4 ©13.2:1.3
1857, 2.9 + 0.5* 2.8 0.5 9.4 + 1.7
186, 2.4 + 0.9% 2.3 +0.9 4.3 % 1.6
188 6.6 + 2.2" 4.6 +1.6 7.2+ 2.5
190;,. 1.1+ 0.1* ' 1.1 2 0.1 5.4+ 0.6
191p, 10.3 + 1.9 7.0 £ 1.3 11.0 + 2.1
192;,. 0.18: 0.07% 0.18 £0.07  10.5 ¢ 3.9
195Myg 1.2 : 0.2 1.2 :0.2 .
201y, 2.6 + 0.2 ' 2.6 0.3 3.4 ¢ 0.3

203p,, 3.1+ 0.2 1.9 20.2 2.9+ 0.3
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Measured Production Prévious Calculated Independent Isobaric
Nuclide Cross Section (mb) Results (mb) Yield (mb) Yield (mb)
203g4 0.71 = 0.37 0.71 £ 0.37 2.0 £ 1.1
2045, 2.9 £ 08" 2.9 £0.4 3.8 £ 0.5
205g 4 3.5 t0.4° 3.3 £0.4 3.7+ 0.4
207p, 3.0 0.5 ’ 2.9 £ 0.5 3.9£0.7
232p, 3.6 0.3 3.6 +0.4 5.2 £ 0.5
233p, 9.8 0.5 9.2 + 0.9 10.2 2 1.0
234p, 3.2 0.9 | 3.2 0.9 4.3 ¢ 1.2

+ Yields from chemically separated fraction.

#» [sobaric yield from n-poor portion of charge distribution

#» lsobaric yield from n-rich portion of charge distribution

a. G. Friedlander, Physics and Chemisé:y of Fission, Vol. II, 265 (1965)
b. J. Hudis, T. Kirsten, R.W. Stoenner and 0.A. Schaeffer, Phys.
Rev. Cl, 2619 (1970)
¢. E.M. Franz and G. Friedlander, Phys. Rev. C4, 1671 (1971)
d. (11.5 GeV p) K. Beg and N.T. Porile, Physl Rev. Cl0, 167 (1974)
e. N.T. Porile, Phys. Rev. 148, 1235 (1966)
£. (11.5 GeV p) Y.W. Yu and N.T. Porile, Phys. Rev. Cl0, 167 (1974)
g. Y.Y. Chu, E.M. Franz and G. Friedlander, Nucl. Phys. B40, 428 (1972)
h. Y.Y. Chu, E.M. Franz, G. Priedlander and P.J. Karol, Phys. Rev. C4, 2202
(1971) |
i. K. Bachmann, J. Inorg. Nucl. Chem. 32, 1 (1970)
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Table II Charge dispersion parameters®

2 (A) = a + bA
p( )

Mass number range ' fg a b
71-76 1.00 “0.380 0.450
84-96 neutron rich 0.300 ~1.69 0.439
84-96 neutron deficient  0.900  ~2.600 0.410
97-111 : 1.00 "1.00 0.439
118-143 neutron rich 1.50 0.750 0.410
118-143 neutron deficient 0.300 0.380 0.429 -
145-160 ) 0.500 . 15.8 ' 0.330
166-173 0.500 15.35 - 0.330
182-192 0.500 15.2 0.330
195-207 0.300 15.4 0.330
232-234 o 0.300 7.80 0.368

* sz(A)'was taken to be roughly independent of A over a small
A range and ZP(A) was represented by a linear function of A
over the same range.



Figure 1.

Figure 2.

_ Figure 3.

Figure 4.
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Figure Captions

The charge dispersion curves obtained in this
work for the heaviest target fragments are shown

as a function of the mass region of the products.

‘'The parameters that describe the center and width

of the individual curves are given in Table II.

- The values of the most probable primary fragment

charge, 2 as determined by fitting the data

pl
in Figures 1 and 3 are shown as a function of

product mass number. For 84 < A < 96 and 118<A<143,

the Zp corresponding to both the n-rich and n-

deficient components of the charge distribution

are shown.

The charge dispersion curves obtained in this
work for the intermediate mass fragments are
shown as a function of the mass region of the

products.

The target fragment mass distribution, g(A) ob-
tained in this work for the interaction of 28 GeV
protons with U is shown along with the previous
radiochemical data3. Closed circles represent
the total isobaric yield while the open circles
and crosses represent the isobaric yigld of the
n-rich and n~-deficient species at a given A value.

The dashed line is to guide the eye through the

data of this work.



Figure 5.

Figure 6.

Figure 7.
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The ratio of the measured nuclidic production

cross sections in this work to those measured

previously (see Table I).

The shape of the initial primary fragment distri-

" bution as a function of product mass number after

238U.

the fast step of the reaction of 28 GeV p +
Also shown are those members of the initial distri-
bution which deexcited to produce final fragments

with 160 < A < 210.

The effect of two different values of ag/a
upon the calculated final fragment distribution

is shown.



Calculated Independent Yield (mb)
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Calculated Independent Yield (mb)
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(arb. units)

Number of Nuclei (A)
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Excitation Energy

1600 1000 400
N N N

] | | ' l

Primary Fragment
- Distribution -

‘Members of
primary distrib-
ution that are
precursors of
heavy fragments

) o

-]

| ! | L
200 220 240

Product Mass Number A

Figure 6
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