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Summary

We have measured absolute cross sections for
fp.xu) reactions (x ranges from 0 to 8) from 238U,
235D> ana 2 3 2 ^ targets irradiated with 200 MeV
protons at the Brookhaven AG3 Llnac injector'
Chemical yields were determined by using 239Np and
233Pa as tracei-s. Yield patterns obtained in this
work can be compared to the experimental results and
theoretical calculations from earlier work, and they
are consistent within the framework of intranuclear
cascade followed by neutron evaporation and fission
competition.

Introduction

Ever since the installation1 of the Chemistry
tinac Irradiation Facility (CLIF) and the Medium
Energy Intense Neutron (MEIN) source at the 200 MeV
Linac injector of the Brookhaven Alternating Gradient
Synchrotron (AGS), irradiations of thin targets for
short intervals followed by pneumatic transfer to a
laboratory for chemical separations and radioactivity
measurements have been carried out routinely. In
addition to a number of investigations2'5 on neutron-
rich nudities, there have been systematic
studies1'*' of production cross sections of medium-
energy neutron induced reactions* However, only a
few cross sections have been measured for reactions
induced by 200 MeV protons.

There was considerable interest in studying
competition between fission and nucleon (especially
neutron) emission in excited heavy nuclei more than
two decades ago. Measurements were made on products
of simple spallation reactions, among them (p,xn)
reaction products rrom 232Th-targets'~10 and two
neptunium nuclides from 238U-target».7>10

Calculations11 were performed combining results from
intranuclear cascade calculations,12 with certain
treatments of neutron evaporation and fission
competition. Reasonable agreement was obtained with
experimental results. In the intervening years,
there have only been a few measurements1"'14 In the
heavy-element region but none for uranium targets.
There have been calculations1^!** containing
improvements and refinements for comparisons with
early experimental data, the general conclusions
remain unchanged.

In view of the Important role fission plays In
the spallation yield pattern among the heavy-element
nuclides and the paucity of (p,xn) reaction cross
sections from 238U-targets (none from 23^U-targets)
and the fact that none of the previous measurements
were made using high-resolution yapectroscopy, we
have recently measured (p.xn) cross sections for
2 3 8 0 , 2 3 5U and 232Th targets irradiated witb 200 MeV
protons at CLIF by employing radiochemical methods
and high-resolution y—spectrosocpy.

Irradiations
Experimental

All irradiations were carried out at the CLIF
facility. Target packages consisted of 238n, or
enriched 2 3 5U (93.2Z), or 232Th target foils of
thickness from 0.0015-in. to 0.003-In. sandwiched
between aluminum guard foils, monitor foils and
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minutes in length and the proton beam current was
reduced to about 5 uA to avoid melting the target.
one of the experiments of the thorium target, the
irradiation was carried out at the Brookhaven Linac
Isotope Producer (BLIP) facility under comparable
irradiation conditions.

Preparation of tracers

In order to measure absolute cross sections for
the reactions studied in this work, 2 3 9Np and 233Pa
tracers were used to determine the chemical yield in
the purification procedures for each sample. They
were prepared in the following mancers:

A small amount (10-20 mg) of natural uranium
metal was sealed in quartz tube and irradiated at the
Brookhaven High Flux Beam Reactor (HFBR) for 30
seconds with a flux of ~1 x 101* n/cm2/sec. After
waiting for several hours to allow " ' u to decay into
239Np, the target was dissolved in 8 A HNO3.
Neptunium was retained on an MP1 anion exchange column
after it was reduced with ferrous sulfaaate and sodium
nitrite; following washings with cone JNO3 and 8M
HC1 it was eluted with 0.3 M HNO3. Aliquots from the
eluenc containing 23'Np were used for chemical yield
determinations for neptunium.

A small amount (-10 mg) of thorium nitrate sealed
in quartz tube was irradiated at the HFBR for several
minutes. After 2 3 3Th had completely decayed into
233Pa, the sample was dissolved and protactinum wa"
eluted from a Dowex 50 cation exchange column in 1.8 M
HC1 solution while thorium was retained on the
column. Aliquots of the elaent containing 233Pa were
used for chemical yield determinations for
protactinium.

Chemical purification for neptunium

Exhaustive chemical purifications were needed to
separate the neptunium samples from the large amount
of fission products present. In addition to the
procedure used for the preparation of 239Np tracer
described above, the following steps were also
Included. Neptunium was extracted into 0.5 M TTA in
xyleue from a 1 M HC1-1 M NH 2

0 H' H C 1" 0- 2 5 M F e C 12
solution. Pack extraction into 10 M HNO3 followed the
washing of organic phase several times with 1 M HC1.
Then the back-extracted aqueous phase was washed with
TTA-xylane solution twice before neptunium was finally
coprecipitated with Fe(0H)3 by the addition of ferric
carrier, hydrogen peroxide and cone. NH^OH to the
aqueous solution.

Chemical purification for protactinium

Thorough chemical purification was also needed
for preparing the protactinium samples. The
irradiated thorium target was dissolved In cone. HNO3
and cone. HC1 with a few drops of cone. HCIO4 and
(NH4)2SiFg. Protactinium was first retained on anMFl
anion exchange column from 8M HNO3 and cone. HC1
solutions while some fission products and thorium
targets were removed. Protactinium wae eluted with
1.8 M HC1 and further purified uhen the same solution
was allowed to pass through a Dowex 50 cation exchange
column. Protactinium w&s then extracted from 9 M HC1
solution into dlisobutyl carblnol (DIBC) loaded on ain an envelope. The irradiations were typically 10
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Teflon-6 column; after washing, It was back-extracted
by eluting with 12 M HC1-1 M HF solution. It was
finally cop-ecipitated with Fe(0H>3 by the addition
of ferric carrier and cone. NH4OH to the aqueous
solution.

The f-rajB of the samples were counted on a
calibrated Ge(Li) detector, 50 cm3 in size with FWHM
of 2.0 keV at 1332 keV. Iteasureoents were made at
the lowest possible geometry to reduce coincident
summing and the decays of the y-rays of interest were
followed to ascertain the correct halt-lives. The
y-riy spectra were recorded on magnetic tapes using a
4096 channel analyzer system and were analyzed later
with the INTRAL code.17 the monitor foil was assayed
on a calxbrated gas-flow proportional counter to
determine the 24Na activity produced by
27Al(p,3pn)24Na reaction. The cross section used for
this monitor reaction was 9.3 mb.18 The least
squares code CLSQ1^ was used for decay curve
analyses.

Results and Discussion

Table 1 lists the relevant properties of the
nuclides of interest. With the exception of the
half-life of 228Pa, which was re-determined in this
work, the rest were taken from Ref. 20. The
calculated cross sections based on the counting data
obtained in this work and the properties given in
Table 1 are listed in Table 2. We have measured all
the cross sections for (p,xn) reactions from x»0 to
JC-6 for 2 3 8U target (except x-2 where the half-life
of the reaction product is too long). Because the
product nudide for (p,y) reaction is the same as the
tracer nuclide used for the chemical yield
determination, the cross section for this reaction
was determined indirectly as follows: The relative
yields of all neptunium nuclides were measured in two
other experiments where no 23^Np tracer was added and
the yield for 23^Np was converted to cross section
when the yield for 238Kp was matched to the average
value of the crosB section for 238Np determined in
those experiments where 23'Np tracer was added.
Since we did not measure, in the same experiments,
the contribution of 23*Np produced by (n,y) reaction
followed by 3 decay, the (P,Y) cross section must be
considered as upper limit. The cross section for
(p,3n) reaction is partial because we only measured
one of the two isomers of 23(*Np. tfe were not able to
measure the cross sections for (p,6n), (p,7n), and
(p,8n) reactions for 2 3 5n target because of the short
half-lives and the lack of known and measurable
Y-rays of these products. He only measured four
reaction products from 2 3 2Th target because of
half-life and measurable Y-ray constraints. The
listed uncertainties of the cross sections represent
the greater of either the combination of counting
statistics, detector efficiency and chemical yield
uncertainties or the standard deviation of the
different measurements from the mean.

Since there have been several studies7"10'13

on (p,xn) reaction cross sections for thorium target
with proton energies ranging from 82 MeV to 680 MeV,
we list these results with those obtained in this
work in Table i for comparison. Also included are
the earlier measurements on the two neptunium
nuclides from 2 3 8U target. There ia a trend of
decrease in cross sections and a gradual shift of
maximum to higher value of x with increase in proton
energy. Our results fit In the overall trend though
some of our cross sections are lower than those from
340 MeV protons. Since ours is the only measurement

Table 1. Relevant properties of the nuclides
measured in this investigation

Nuclide

227Pa
228Pa
2 3 0 P a

2 3 2 P a

2 3 1 Hp

2 3 2 Np

2 3 3Kp

2 3 4 ^

235Np

236Npm
2 3 8 Np

239jjp

Half-Life

38.3m
20.0b>
17.7d

1.31d

48.8m

14.7m

36.2m

4.40d

396.Id
(D

22.5h
2.12d

2.35d

E
(keV)

65.0
911.2
952.0
150.1
472.8
348-4
370.9
327.3
819.5
299.1
312.1

1194.1
.435.7
1527.5
1558.7
1602.2
111.0

KSi x-rays)
642.4
984.5

1028-5
227.8
277.5

Abundancea

5.0
16.0
27.8
12.0
4.0
2.7
7.3

52.0
33.3
0.59
0.70
5 . 5
6 .3

11.8
19.0

9.7
0.263

1.0
27.3
20.4
11.4
14.5

a Number of photons per 100 disintegrations -
b Determined in this work.

Table 2. Cross sections for the dlffereut reaction
products for 238U, 235U, and 232Th targets

<j(mb)

Reaction
(P.Y)
(P,n)
(P,2n)
(P,3n)

(P^n)
(P,6n)
(P,7n)
(p,8n)

238U-target
0.27 ±
1.15 t

1.46 ±
1.02 ±
0.38 ±
0.15 ±
0.046±
0.014±

0.07a

0.15

0.15b

O.U
0.04
0.03
0.010
0.004

23

0.
0 .
0 .
0 .
0 .

'u-target

48 ±
68 ±
47 ±
14 ±
047±

0.05
0.07
0.0!.
0.015
0.006

^Th-target

0.56 ± 0.06

i.9 ± 0.2

1.75 ± 0.25
0.37 ± 0.04

a Upper limit, see text.
b Partial cross section, see text.

made with high-resolution y~ray spectroacopy, such
differences should not be taken £00 seriously.

Figure 1 shows the distribution of cross
sections for (p,sn) reactions versus x for these
three targets. In the two recent calculations1^)1°
the significant differences for the final product
distributions for 2 3 8U target without and with
fission competition were clearly demonstrated. The
former showed a relatively flat distribution or«r the
entire range of products and the latter showed rapid
decline of yields with decreasing mass number for
(p,pxn) reactions with 340 HeV protons. The
calculation from Ref. 15 also reproduced the observed
increase In yield with decreasing mass Srom 238Np to
236Np. Though this type of calculation was not
repeated In this Investigation, we believe the
general shape of the distributions obtained In this
work could tie reproduced, at least qualitatively, by
the framework of intranuclear cascade followed by
neutron evaporation and fission competition.

The relative magnitudes of the cross sections
between 2 3 8O target and 2 3 5U target seem to suggest
that even a slight Increase of fission probability
from 2 3 8U to 2 " o could lead to a substantial



Table 3. Comparison of 232Th(p,xn)233-*Pa and 238U(p,xn)239"xNp cross sections at different proton energies

Target Reaction Product

(P.n)
(P,3n)

(p'.5n)
(P,6n)
(P,7n)

(P,n)
(p,3n)

232 Pa
230?a

229Pa

228Pa

227 P a

226Pa

E p - 82 MeV
a

13*2
12*2

9 * 1
3.2*0.5

100 MeVb

4.8
2.1

150 MeVa

8*1
7.5*1.0
5.0*1.5
3.25*0.50
1.5*0.2
1.0*0.3

o-(mb)

236
Hpm

200

0.56*0.06
1.9*0.2

1.75*0.2
0.37*0.04

1.15*0.15
1.46*0.15

340lieVd

2.6*1.2
4.2*0.3

1.7*0.2
1.0*0.2

0.46*0.05
1.7*0.1

680 MeV6

2.3*0.3
0.8*0.2
0.26*0.04

0.25*0.04
0.26*0.03

a Ref. 9, except (p,7n) cross section at 150 MeV is from Ref. 13. b Ref. 14. Cross sections not given ii<
text, read off from graphs. c This work. d Ref. 7. - Ref. 10.

10

1.0

23*Th -Target

.238U-Targe. _

8

Cross sections of (p,xn) reactions for z- aU,
2 3 5 0 , and 2 3 2Th targets irradiated with 200
HeV protons.

reduction in ^n/If> thus resulting in the much lower
(p,xn) cross sections for 2 3 5U. The fission
probability for 2 3 2Th and the 22/A values for
different product nuclides are probably responsible
for the observed distribution for 2 3 2Th target.
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