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COMPARISON OF THE (p,xn) CROSS SECTIONS FROM 238y, 2351; AND 232TH TARGETS
IRRADIATED WITH 200-MEV PROTONS *

T
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Bﬁy Summary

We havce measured absolute cross sections for
Sggxn) reactions (x ranges from O to 8) from 238“,
U, and 232Th targets irradiated with 200 MeV
protons at the Brookhaven AGS Linac injector.
Chemical ylelds were determined by using 239Np and

Pa as tracers. Yield patterns obtained in this
work can be compared to the experimental results and
theoretical calculations from earlier work,and they
are conasistent within the framework of intranuclear
cascade followed by neutron evaporation and fission
competition.

Introduction

Ever since the installationl of the Chemistry
Linac Irradiation Facility (CLIF) and the Medium
Energy Intense Neutron {MEIN) source at the 200 MeV
Linac injector of the Brookhaven Alternating Gradient
Synchrotron (AGS), irradistions of thin targets for
short intervals followed by pneumatic transfer to a
laboratory for chemical separations and radiocactivity
measurements have been carried out routinely. 1In
addicion to a number of investigationsz' on neutron-
rich nuclides, thare have been systematic
studieslsb of production croas 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) emissaion in excited heavy nuclel more than
two decades ago. Measurements were made oa products
of simple spallation reactions, among them (p,xn)
reaction products rrom Th-targets 710 and two
neptunium nuclides from U-target:.’»

Calculations*! were performed combining results from
intranuclear cascade calculations,'< with certain
treatments of neu<ron evaporation and fission
competition. Reasonable agreement was obtained with
experimental results. In the intervenin§ {eara,
there have only been a few measuremestsld:14 15 the
heavy~element region but none for uranium targets.
There have been calculationsl3,l containing
improvements and refinements for comparisons with
early experimentai data, the general conclusions
remain unchanged.

In view of the important role fission plays in
the spallation yleld pattern among the heavy-element
nuclides and the paucity of (p,xn) reaction cross
sections from U-targets (none from 2 SU-tatgets)
and the fact that nome of the przvious measurements
vere made using high-resolution y—spectroscopy, we
have recently measured (p,xn) cross sections for
2 8U, 235y and 2321 targets irradiated with 200 MeV
protons at CLIF by employing radiochemical methods
and high-resolution y-spectrosocpy.

Experimental
Irradiations

All irradiations were carried out at the CLIF
facility. _Target packages conaisted of 2380, or
enriched 235y (93.22), or 232Th target foils of
thickness from 0.0015-in. to C.003-in. sandwiched
between aluminum guard foils, monitor foils and
in an envelope. The irradiations were typically 10
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minutes in length and the proton beam current was
reduced to about 5 pA to avoid melting the target. In
one of the experiments of the thorium target, the
irradiation was carried cut at the Brookhaven Linac
Iaotope Producer (BLIP) facility under comparable
irradiation conditions.

Preparation of tracers

In order to measure absolute cross sections for
the reactions studied in this work, 9Np and 33p,
tracers were used to determine the chemical yield in
the purification procedures for each sample. They
were prepared in the fcllowing mancers:

A small amount (10-20 mg) of matural uranium
metal was sealed in quartz tube and irradiated at the
Brookhaven Higzh Flux Beam Reactor (HFBR) for 30
seconds with a flux of ~1 x 1014 n/cp2/sec. After
walting for several hours to allow 90 to decay into
‘39Np, the target was dissolved in B i HNO3.

Neptunium was retained oc an MPl anion exchange column
after it was reduced with ferrous sulfamate and sodium
nitrite; following washings with conc. 4NO3 and 8M

HC1 it was eluted with 0.3 H HNO3. Aliquots from the
eluenc containing 239Np 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
ninutes. After 233Th had completely decayed into

Pa, the sample was dissolve¢ and protactinum war
eluted from a Dowex 50 cation exchange column in 1.8 M
HCl solution while thorium was retained on the
column. Aliquots of the eluent containing 233pa were
uged for chemical yield determinations for
protactinium.

Chemlcal purification for neptunium

Exhaustive chemical purifications were needed to
separate the neptunium samples from the large amount
of €iasion products present. In additioa to the
procedure used for the preparation of Np tracer
described above, the following steps were also
{included. Neptunium was extracted into 0.5 M TTA in
xylene from a 1 M HCl-1 M NH,0H'HC1-0.25 M FeCl,
solution. Fack extraction into 10 M ENO3 followed the
waghing of organic phase several times with 1 M HCl.
Then the back-extracted aqueous phase was washed with
TTA-xylane gsolution twice before neptunium was f£inally
coprecipitated with Fe(OH)3 by the addition of ferric
carrier, hydrogen peroxide and comc. NH,0H 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 conc. HKO3
and conec. HCl with a few drops of cone. HC1C4; and
(NH,)2S1iFg. Protactinium was first retained on anMPl
anion exchange column from §4 HNO3 and conc. HC1
golutions while some fission products and thorium
targets were removed. Protactinium wae eluted with
1.8 M HC1 and further purified when the same solution
was allowed to pass through a Dowex 50 cation exchange
colymn. Protactinium wes then extracted from 9 M HCl
gclution Into diisobutyl carbinmol (DIBC) lcaded on a
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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 coprecipitated with Fe(OH)3 by the addition
of ferric carrier and conc. NH,OH to the aqueous
solution.

Counting

The y-raye of the samples were counted on a
calibrated Ge(L1) detector, 50 cm3 in eize with FWBM
of 2.0 keV at 1332 keV. Measurements vere made at
the lowest possible geomefry to reduce coincident
sunming and the decays of the y-rays of ’nterest were
followed to ascertain the correct half-lives. The
y~ray spectra were recorded on magnetic tapes ucing a
4096 channel analyzer system and were analyzed later
with the INTRAL code.l7 The monitor foll was assayed
on a calibrated gas-flow proportional counter to
determine the “*Na activity produced by
27Al(p,3pn)2"Na reaction. The cross 3ection used for
this monitor reaction was 9.3 mb. 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-1ife 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 amd the properties given in
Table 1 are listed in Table 2. We have measured all
the cross sections for (p,xn) rerctions from x~0 to
x=§ for U target (except x=2 where the half-life
of the reaction product is too long). Because the
product nuclide 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
ylelds of all neptunium nuclides were measured in two
other experiments where no ¥p tracer was added and
the yield for 239Np was converted to cross section
when the yield for Np was matched to the average
value of the cross section for Np determined in
those experiments where Np tracer was added.
Since we did not measure, in the same experiments,
the coantribution of Np produced by (n,y) reaction
followed by 8 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 6Np. We were not able to
measure the cross sections for (p,6n), (p,7n), and
(p,8n) reactions for 233y target because of the short
half-1lives and the lack of known and measurable
y-rays of these products. We only measured four
reaction products from Th targat because of
half-1life and measurable y-ray constraints. The
listed uncertainties of the cross sections represent
the greater of either the combination of counting
statisties, detector efficiency and chemical yield
uncertainties or the standard deviation of the
different wmeasurements from the mean.

Since there have been several studies’/—10,13
on (p,%n) reaction crogs sections for thorium target
with proton energies ranging from 82 MeV to 680 MeV,
we lisgt thece results with those obtained in this
work in Table 3 for comparison. Also included are
the earlier measurements on the two neptunium
nuclides fronm U target. There i{s 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 im the owverall trend though
some of our cross gections 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 Hal f-Life EY Abundanced
(keV)
227p, 38.3m 65.0 5.0
228p, 20.0hP 911.2 16.0
230p, 17.7d 952.0 27.8
232p, 1.31d 150.1 12.0
472.8 4.0
23Lyp 48.8m 348.4 2.7
370.9 7.3
232y 14.7m 327.3 52.0
819.5 33.3
233 36.2m 299,1 0.5¢9
312.1 0.70
234y, 4.40d 1194.1 5.5
1435.7 6-3
1527.5 11.8
1558.7 19.0
1602.2 9.7
235yy 396.1d 111.0 0.263
(U K8; xz-rays)
236y,m 22.5h 842.4 1.0
238y, 2.12d 984.5 27.8
1028-5 20.4
239 2.35d 227.8 11.4
277.5 14.5

4 Number of photons per 100 disintegrationms.
b petermined in this work.

Table 2. Cross sactions for the differeut reaction

products for g, 235U, and Th targete
a(mbg

Reaction 2380—targe: 23 U-target 232Th-target
r,Y) 0.27 * 0.0¢78
(p,n) 1.15 £ 0.15 0.48 £ 0.05 0.56 £ 0.06
(p,2n) 0.68 ¥ 0.07
(p,Jn) 1.46 £ 0.15P 0.47 £ 0.0% 1.9 % 0.2
(p,4n) 1.02 £ 9.14 0.14 £ 0.015
(p,5n) 0.38 £ 0.04 0.047+ 0.006 1.75 £ 0.25
(p,6n) 0.15 + 0.03 0.37 + 0.04
(p,7m) 0.046% 0.010
(p,8n) 0.014% 0.004

8 Upper limit, see text.
b partial cross section, see text.

made with high~resolution y-ray specirescopy, such
differences should not be taken roo serilously.

Figure 1 shows the distribution of cross
sectione for (p,xn) reactions versus x for these
three targets. In the two recent calculationsls16
the significant differences for the final product
digtributions for U target without and with
fission competition were clearly demonstrated. The
former showed a relatively flat distribution over the
entire range of products and the latter showed rapid
decline of yields with decreasing mass number for
(p,pzn) reactions with 340 HeV protoms. The
caleulation from Ref. 15 also reproduced the observed
increase in yield with decreasing mass Srom BNp to
36Np. Though this type of calculation was not
repezted in this investigation, we believe the
genaral shape of the distributions obtained in thia
vork cocld be reproduced, at least qualitatively, by
the framework of intrsnuclear cascade followed by
neutron e7sporation and fission competition.

The_relative magnitudes of the cross sections
between 2387 target and 235U target seem to suggest
that even a slight increase of fission probability
from 238y to 2350 could lead to a substantial



Table 3. Comparison of 23291(p,xn)233“Xpa and 238y(p,xn)239*Np cross sections at different proton energies

Target Reaction Product E, = 82 Mevd 100 Mevb

2321, (p,n) 232p, 13£2

(p,30) 230p, 1242

(p,4n) 229p,

(p,5n) 228p, 9% 1

(p,6n) 227pq4 3.240.5 4.8

(p,7n) 226pg 2.1
238y (pyn) 238y,

(p.3n) 236ypm

o(mb)
150 Mevd 200 HevV© 3401evd 680 Meve
841 0.56%0.06 2.6%1.2
7.5¢1.0 1.9%0.2 4.240.3
5.0%1.5 2.340.3
3.25%0.50 1.75%0.2 1.740.2 0.840.2
1.5¢0.2 0.3740.04 1.040.2 0.2610.04
1.0%0.3
1.1540.15 0.46%0.05 0.25%0.04
1.46%0.15 1.70.1 0-2640.03

3 Ref. 9, except (p,7n) cross section at 150 MeV is from Ref. 13. b Ref. i4. Cross sections not given ir

text, read off from graphs. € This work. d gef. 7.
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Fig. 1. Cross sections of (p,xn) reacticns for 2",BU,
5U, and 232t targets irradiated wich 200
MeV protons.

reduction in T /T¢, thus resulting in the much lower
(p,xn) cross sections for U. The fission
probability for 2321y and the 22/A values for
different product nuclides are probably responsible
for the observed distribution for 232th target.
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