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Cross sections for (p,pn) reactions on N, F19 Feb, Ni%8 Cu,
Cu®, Zn%, Mo'®, and Tals! have been measured at proton energies
of 0.4 and 3.0 Bev. For F¥ Cu%, Mo, and Tal® cross-section
measurements at several other energies between 0.3 and 3.0 Bev
are reported also. Within 309, all these (p,pn) cross sections
appear to be energy-independent in this range. At a given energy
the cross sections show greater variations from nucleus to nucleus
than can be explained on a purely statistical picture of knock-on
processes. Among the lightest nuclei (C'2, N% O, Fel), these
variations can be correlated with the energy of the lowest lying
level of the product nucleus which is stable with respect to particle
emission. Among heavier nuclei this correlation disappears, and
it is suggested that shell structure effects may be responsible for
the fact that the (p,pn) cross sections of Cu®, Cu®, and Zn® are
about 45% higher than those of Fe% and Ni%8. Apart from these
individual variations which a statistical theory could not be

expected to reproduce, it is found that the recent Monte Carlo
calculations of intranuclear cascades by Metropolis ef al. do not
even predict the right magnitude and energy dependence for the
cross sections. The calculated cross sections are too small by
factors of 2 to 3 at 0.4 Bev and show a decrease with increasing
energy. Possible reasons for these discrepancies are sought in
details of the nuclear model used in the calculations. Various
mechanisms which may contribute to (p,pn) reactions are
discussed. It is concluded that deuteron emission cannot contribute
significantly at the energies considered. Processes involving
evaporation of one of the nucleons are likely to decrease in
importance with increasing energy, whereas the contribution of
meson reactions, such as (p,pnn®), (p,2p7™), etc., probably
increases with energy. The observed energy independence of the
cross sections may result from accidental cancellation of such
opposing trends.

INTRODUCTION

REVIOUS studies of the interactions of high-energy

protons with complex nuclei have shown!? that
the average energy transfers to the struck nuclei in
such interactions increase markedly as the bombarding
energy is increased from a few hundred to a few
thousand Mev. It has been suggested?? that this
increase in energy deposition may result primarily
from scattering collisions and reabsorption of pions
created in the intranuclear cascade, and recent Monte
Carlo calculations of intranuclear cascades*® support
this interpretation. In spite of this general increase in
the energy deposition spectrum, the cross sections of
certain simple reactions show surprisingly little energy
dependence in this region.!:6=% Among these reactions
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the (p,pn) reactions are of particular interest because
their cross sections are relatively high (usually several
percent of the total inelastic cross section of the target
nucleus) and because they have been interpreted”® as
proceeding largely by the direct knock-on ejection of a
neutron, at least at incident energies of 300-400 Mev.

It seemed worthwhile to investigate in more detail
the energy dependence of (p,pn) cross sections above
the pion production threshold to see what effect, if any,
pion processes inside the nucleus have on these cross
sections and whether the simple knock-on mechanism
can still be used for their interpretation at these
energies.

Target nuclides for this study were initially chosen to
represent a wide range of nuclear sizes and included
N®# FB¥ Cu®, Mo and Ta'®l. In the course of the
work it became of interest to investigate whether, at a
given bombarding energy, the (p,pn) cross section
varies smoothly with target mass number, as one might
expect for a knock-on mechanism if shell or other
nuclear structure effects can be neglected. Accordingly,
the (p,pn) cross sections of a number of nuclides in a
narrow mass region were measured also; these target
nuclides were Fe®, Ni®*8, Cu®, Cu®, and Zn%, and all
these except for Cu®® were used in the form of enriched
isotopes.! One of the chief criteria for the selection of
targets was, of course, that the half-lives and decay
properties of the product nuclides should be suitable.
It should be noted that the measured Mo and
Ta'®t cross sections are not directly comparable with

0 E. Belmont and J. M. Miller, Phys. Rev. 95, 1554 (1954).

11 The enriched isotopes were obtained from the Isotope
Research and Production Division of the Oak Ridge National
Laboratory.
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1296 MARKOWITZ,
the other data, because the former represents the sum
of the (p,2p) and (p,pn) cross sections [the (p,2p)
product, Nb%, decays with a 2.5-min half-life to Mo*],
and the latter is the cross section for the production
of Tal®m™ ($,=8.1 hr) only; the yield of the stable or
very long-lived Ta!® ground state could not be
measured.

EXPERIMENTAL
A. Target Irradiation

Most of the irradiations were carried out in the
circulating beam of the Brookhaven Cosmotron, with
protons of energies between 0.4 and 3.0 Bev. A few
bombardments were performed with 0.28- and 0.38-Bev
protons at the Nevis synchrocyclotron at Columbia
University. The targets, whose total thickness varied
between 30 and 90 mg/cm?, were irradiated for periods
of 5 to 60 minutes. In the Cosmotron, the targets were
protected from low-energy protons by an aluminum
block which was withdrawn near the end of the accelera-
tion cycle, as previously described.?

All cross sections were measured relative to the
cross section for the Al*’(p,3pn)Na** monitor reaction,
which was taken to be 10.7420.6 mb over the entire
energy range covered in this paper. This value is
based on the absolute measurements of the C2(p,pn)C1
cross section between 0.34 and 3.0 Bev®2?~ and the
measured ratios of the C2(p,pn)C", and Al¥"(p,3pn)Na?
cross sections.®! It is also consistent with the absolute
determinations of the Al?"(p,3pn)Na®* cross section at
energies up to 0.66 Bev.214-16 The cross sections of
these monitor reactions are discussed in detail in
reference 8.

The target foils and the 21-mg/cm? aluminum monitor
foil where lined up in a target holder and always
irradiated with the aluminum foil ‘“upstream” with
respect to the beam direction, i.e., the aluminum was
struck first by the protons. A 3.4-mg/cm? foil of
polyethylene was placed between the aluminum and
target foils to serve as a “catcher” which would prevent
contamination of either foil by recoil nuclei from the
other.

Recoil loss of (p,pn) products from the targets was
checked by an experiment in which a stack of five
2.7-mg/cm? “Teflon” foils was bombarded with 3.0-Bev
protons. Comparison of the F!® activities induced by
F¥(p,pn) reaction in the upstream, middle, and
downstream foils showed that the recoil losses of F!®
were (321)9% in the forward direction and <19
in the backward direction. Most of the targets were

12 Crandall, Millburn, Pyle, and Birnbaum, Phys. Rev. 101,
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16 1., Marquez, Phys. Rev. 86, 405 (1952).
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both thicker and of higher Z than these Teflon targets;
errors from recoil loss have therefore been assumed to
be negligible.

The contribution of secondary particles to the
observed yields of (p,pn) products and to the formation
of Na?in the aluminum monitor foil was made negligible
by use of targets so thin that the probability for
escape of secondaries produced in the target was very
large. Bombardments of copper in which the target
thicknesses were varied by a factor of 2 gave cross
sections for the formation of Cu®, which were equal
within experimental error; this observation indicated
that contribution of secondaries to Cu® production
was negligible. More careful measurements® of the
secondary contribution to C! formation in thick plastic
targets corroborate this conclusion.

Table I summarizes the composition of the targets
used in the irradiations. All of the target materials
were of sufficiently high purity that only negligible
quantities of the observed (p,pn) products could have
been formed by reactions with other elements present.
The enriched isotopes were electroplated onto 0.0005-
inch gold foil by standard procedures.””¥ Gold was
used because it is insoluble in the acids used to dissolve
the electroplated elements. Radioactivities induced in
the gold were thus not added to the solution. Considera-
tions of the formation cross sections and ranges of
possible reaction products from gold showed that they
could not contribute measurably to the observed
(p,pn) formation cross sections, particularly since in
the bombardments the target material was always
oriented upstream from the gold.

B. Chemical Purifications

After completion of each irradiation and with the
targets still fixed in the target holder, equal areas of
target and monitor foils were removed by use of a
metal punch. The aluminum monitor was mounted for
activity measurements, and the target material was, in

TaBLE I. Target composition.

Chemical state of
target material

Target thickness
(mg/cm?)

Target isotope
and abundance®

N (nat.) Be; N, powderP 40
F9 (nat.) (CFy), foil 2.7
Febt (96.7%) Fe (plated on Au) 34
Nis8 (98.4%,) Ni (plated on Au) 4-30
Cuss (99.19%,) Cu (plated on Au) 3-6
Cu® (nat.) Cu metal foil 10
Zn% (93.1%,) Zn (plated on Au) 3-5
Mo (nat.) Mo metal foil 32

Tal8t (nat.) Ta metal foil 10, 20

8 (nat.) indicates targets of natural isotopic composition.
bIn BesN: bombardments a 7-mg/cm? aluminum envelope was used
both as container and beam monitor.

17 R. W. Dunn, University of California Radiation Laboratory
Report UCRL-932, 1950 (unpublished).

18 F, Exner, J. Am. Chem. Soc. 25, 896 (1903).

19 J, Kleinberg (editor), Atomic Energy Commission Report
LA-1566, 1954 (unpublished).
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general, subjected to appropriate chemical purifications
to insure good decontamination from other radioactive
elements. Previously described procedures’®2' were
usually used, but modified in some cases to facilitate
rapid isolation of products with short half-lives. The
following paragraphs give a brief outline of the chemical
steps employed.

1. Nitrogen and fluorine—No chemical purification
was necessary because the activities of the (p,pn)
products could be differentiated from other activities
produced on the basis of half-life alone.

2. Iron.—Electroplated iron was dissolved away from
the gold backing with HCl and purification was done
by solvent extraction with isopropyl ether from 8M
HCI, washing of the ether layer with 8 HCI, back-
extraction into H;O and precipitation of Fe,O3-xH,0
with NH,OH.

3. Nickel—Nickel dimethylglyoxime was precip-
itated from a nitric acid solution of the electroplated
nickel, after the addition of cobalt “holdback” carrier,
sodium citrate, and enough NH,OH to make the
solution basic. It was recycled through HCI solution,
and reprecipitation of nickel dimethylglyoxime, which
was then dissolved in HNO;. After evaporation to
dryness the NiO residue was redissolved in HCI, and
NiS was precipitated and mounted.

4. Copper—The copper foils of natural isotopic
composition were dissolved in HCI plus a few drops of
309 H,0,; electroplated enriched copper was dissolved
away from the gold backing with HNOj;. Copper
sulfide was precipitated and redissolved. After a
scavening precipitation of Fe(OH)s, the solution was
acidified, CuCNS was precipitated, redissolved, and
metallic Cu was precipitated by the addition of NH,OH
and heating with sodium hydrosulfite. The CNS—
step was eliminated when 10-min Cu® was being
measured.

5. Zinc—Zinc was dissolved away from the gold
backing with HC], the solution adjusted to 2-3M in
HCI and passed through a Dowex-A2 anion exchange
column. The adsorbed zinc was eluted with NH,OH
and precipitated from hot neutral solution as ZnNH,PO,
-H,0 for mounting.

6. Molybdenum.—The Mo was dissolved in H,SO4
—HNO;, heated to form molybdic acid, redissolved
with NH,OH, and acidified to 6] with HCIl. Any
reduced states were oxidized with bromine water,
Fet? carrier was added, and two ethyl ether extractions
were performed. The combined organic layers were
washed with 6 HCI, and evaporated over HyO to
remove the ether. The solution was freed of iron by
precipitation of FeyO3-xH,0 with NH,OH, made 0.5V
in HCI, and saturated with oxalic acid. Molybdenum

20 M. Lindner, University of California Radiation Laboratory
Report UCRL-4377, 1954 (unpublished).

21W. W. Meinke, U. S. Atomic Energy Commission Report
AECD-3084, 1951 (unpublished).
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alpha benzoin oxime was then precipitated, dissolved
in HNOs;+HCIO,, and heated to fuming. MoOj;-xH0
was precipitated with ice-cold red fuming nitric acid.
Alternatively, the HNO;—HCIO, solution was made
ammonical for the precipitation of Fe;03-2HO (a
scavenging step), and PbMoOy precipitated from the
acidified filtrate. Although both procedures gave
radiochemically pure 67-hr Mo%, more consistent
chemical yields and smaller self-absorption corrections
were obtained for MoOj;-xH0.

7. Tantalum.—The tantalum foils were dissolved in
HF plus HNOj, cerium carrier was added, precipitating
cerium fluoride. Zirconium and tungsten carriers were
added, and BaZrFs was precipitated with a saturated
solution of barium nitrate. Concentrated H,SO, was
used to precipitate excess barium, and the tantalum
was then extracted from 18V H,S0,—0.5N HF
solution with di-isopropyl ketone.?? The ketone layer
was washed with 18V H,SO,2N HF solution, and the
Ta back-extracted with dilute boric acid solution.
After addition of tungsten holdback carrier, tantalum
hydroxide was precipitated with NH4OH, and converted
to tantalic acid with ice-cold red fuming nitric acid.
This was ignited to TasOs, ground under acetone, and
mounted.

C. Radioactivity Measurements

The aluminum monitors as well as the samples
resulting from the chemical separations (or, in the
cases of BesNy and “Teflon” targets, the unprocessed
target materials) were mounted on 0.03-inch thick
aluminum cards and covered with rubber hydrochloride
films 1.2 mg/cm? thick. Radioactivity measurements
were then carried out with end-window gas-flow beta
proportional counters. The counting gas was a mixture
of 909, argon and 109, methane. The counting effi-
ciencies for the various nuclides were determined by
methods described below.

The decay of the various radioactive nuclides was
followed for many half-lives, and then the samples
were dissolved and the chemical yields determined by
standard spectrophotometric or polarographic tech-
niques. By decay-curve analysis and application of
corrections for length of bombardment, chemical
yield, and counting efficiency, the disintegration rate
of each radioactive species for an infinitely long
bombardment could be determined. These saturation
disintegration rates were converted to reaction cross
sections by means of the proton beam intensity obtained
from the yield of Na?** in the aluminum monitor foil.

Since, in the present work, one of the aims was to
compare cross sections for the formation of different
nuclides, the detection efficiencies for the various (p,pn)
products studied were determined with considerable

2 P. C. Stevenson and H. G. Hicks, Anal. Chem. 25, 1517
(1953).
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F16. 1. Over-all detection coefficient on end-window proportional
counter, as a function of sample thickness, for Cu®, Zn®, Mo®,
and Tal®m, The samples were in the forms of copper metal
ZnNH,PO4-H,0, MoOs;, and Ta;0s, respectively. The crosses
represent the absolute measurements. All other points are meas-
ured relative to these. In the case of Zn®, the open circles, full
circles, and squares represent three different sets of relative
measurements. The Tal®” samples were all measured through
43 mg/cm? of aluminum, and the over-all detection coefficient
plotted here is for those radiations which are transmitted through
43 mg/cm? of Al, but not through 400 mg/cm? of Al.

care. All of these products are 8+ or 8~ emitters, and
their decay properties® are listed in Table II.

The measured samples had varying thicknesses in
the range from 2 to 20 mg/cm? although for a given
product all samples were of similar thickness. Self-
absorption and self-scattering effects were determined
in separate experiments with cyclotron- or reactor-
produced samples of Cu®, Zn®, Mo%, and Tals”, A
series of samples of constant specific activity, but of
different weights per unit area were prepared with
each of these nuclides, and these were mounted and
measured in the same manner as the samples resulting
from the (p,pn) experiments. The self-absorption curves
so obtained are shown in Fig. 1. It should be noted
that it was not necessary to extrapolate these curves
to zero samples thickness, but only to span the range
of thicknesses used in the cross-section experiments.
The over-all detection coefficient, defined as (counts
per minute observed)/(disintegrations per minute),
was then determined for each nuclide with a sample of
a particular thickness by the methods described below.
Since the shapes of the self-absorption curves of
Cu® (8+0.66 Mev, 8~ 0.57 Mev) and Zn% (8+ 2.23 Mev)
are not grossly different, and since the detection
coefficient determinations were done on samples of
thicknesses similar to those of the (p,pn) products, the
self-absorption corrections for N¥, Cu®, and Fe® were
taken to be the same as for Zn®, those for Ni%? the same
as for Cu®. For a given nuclide, the thicknesses of the
various samples used in the cross section-measurements
were sufficiently similar to each other that the detection
coefficient for any sample never differed by more than

% Strominger, Hollander, and Seaborg, Revs. Modern Phys.
30, 585 (1938).
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119, from (and was usually much closer to) that of the
standard sample. Thus the error introduced by errors
in the self-absorption corrections made is certainly no
more than a few percent. The F'8 samples required no
self-absorption correction because they were all of
the thickness used in the absolute detection coefficient
measurement.

The over-all detection coefficients of the 8t emitters
F1& Ni*7, Cu®, Cu%, and Zn® in the end-window
counters were determined by annihilation radiation
measurements. A sample of each of these nuclides,
prepared by suitable cyclotron or reactor activation
and radiochemically purified, was sandwiched between
two copper sheets thick enough to absorb all the
positrons, and the annihilation radiation emitted was
measured with a Nal scintillation counter connected
to a 100-channel pulse height analyzer. By comparison
with a calibrated Na?? standard measured in the same
manner, the positron decay rate of the sample was
determined. This, together with the B+ branching
ratio (see Table II), gives the total disintegration rate
of the sample. The same sample was also measured
with an end-window proportional counter, in exactly
the same arrangement used in the (p,pn) experiments;
the over-all detection coefficient for this arrangement
was thus determined, without any need for separate
measurements of back-scattering, air absorption, and
window absorption effects.

The Na? standard sample used was prepared from a
solution whose positron emission rate had been cali-
brated by the National Bureau of Standards. The
disintegration rate of this sample was determined by
B*-(1.28 Mev v)** and (0.51 Mev 4)-(1.28 Mev v)
coincidence measurements also, and the results agreed
within 19, with the NBS calibration, when the 109,
electron capture branch® of Na?® was taken into
account. To check whether the scintillation spectrometer

TasLE II. Decay properties of the observed (p,pn) products.

Ty

from Emax
Product. Strominger Jo Decay B+ or g~
nuclide et al.2 observedb gt EC 8~ (Mev)
N3 10.1 min (10 min) 100 -+ .- 1.2
F18 112 min 112 +1 min 97 3 ... 0.65
Fess 8.9 min 9 3+0.4 min 98 20 ... 2.6
Nis7 36 hr 35.94-0.4 hr 50 50 0.84
Cus®2 9.73 min (10 min) 98 20 ... 2.91
Cubt 12.80 hr 12.8 0.1 hr 19 43 38 0.668+, 0.578~
Zn®s 38.3 min 38.640.8 min 93 7 .- 2.23
Mo% 67 hr 67.0+0.5 hr e .-+ 100 1.2
Ta1som 8.2 hr 8.340.2 hr vee 79 21 0.7

a See reference 23.

b The half-lives listed in parentheses in this column are assigned values
used in the analysis of the decay curves. The errors given are the standard
deviations of the means of the half-life determinations from the various
bombardments. The number of observations varied between four for Fess
and twenty for Cu® and Mo%.

¢ The electron capture branching ratios of Fe’ and Cu® are theoretical
estimates taken from Nuclear Level Schemes, A =40-A =92, complied by
Way, King, McGinnis, and van Lieshout, Atomic Energy Commission
Repc;rt TID-5300 (U. S. Government Printing Office, Washington, D. C.,
1955).

% The results of the B¥—+y measurements were kindly made
available by Dr. M. L. Perlman and Dr. J. B. Cumming.
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detection efficiency varied with the maximum 8+ energy
because of differences in the annihilation volume in the
copper absorber, the Zn®%/Na?? ratios were measured in
several different geometries. No significant differences
were found and it was thus concluded that, at the
source-to-crystal distances used, the solid angle sub-
tended by the crystal with respect to the annihilation
volume was essentially independent of 8+ energy.

The positron detection efficiencies for N*® and Fe?
were not directly determined. That of Fe% (Fmax=2.5
Mev) was taken to be the same as that of Zn® (Emax
=2.36 Mev), that of N® (Ep,.=1.2 Mev) the same as
that of Cu® (Ena.x=1.2 Mev) which, because of its
longer half-life, was more convenient than N® for this
efficiency determination.

The absolute disintegration rate of a Mo* sample
prepared by the Mo%(n,y) reaction was determined by
three different methods and the activity of the same
sample was measured on the end-window counter, thus
giving the over-all detection coefficient in that counter.
One method consisted in a measurement of the 140-kev
gamma ray of the Tc*™ daughter in equilibrium with
Mo* by means of a well-type 4-r scintillation counter
connected to a single-channel pulse-height analyzer.
According to the published decay schemes® of Mo%
and Tc®™ 899, of the Mo% disintegrations are accom-
panied by emission of 140-kev quanta (not coincident
with other v rays); the detection efficiency of the 4-r
scintillation counter for 140-kev quanta was 979,.
In a separate measurement with the same scintillation
counter, but without pulse height analysis, the total
gamma-ray rate of the sample was measured ; the total
disintegration rate was computed by division of this
rate by 1.03—the number of noncoincident gamma
quanta per Mo* decay.® In a third determination, the
activity of a 50-ug aliquot of the sample was measured
in a 4-7 beta counter. The three measurements agreed
with each other within a 59, spread.

A Ta'®™ sample for calibration measurements was
prepared by Ta!'(n,2z) reaction; its disintegration
rate was determined by 4w scintillation counting of
the K x-rays emitted following its decay. From the
published decay scheme,? the L/K capture ratio,? and
the fluorescence yield?® it was concluded that 689 ‘of
the Tal!80™ decays are accompanied by K x-ray emission.
The detection efficiency of the 4-r scintillation counter
for 56-kev x-rays was taken as 949, the losses being
due to absorption in the covering of the crystal.

An additional complication in the end-window
counter measurements of Ta'®™ produced by high-
energy (p,pn) reaction was the presence of 8.0-hr Tal?
in the same samples, formed via a (p,p5x) reaction.
This isotope decays by electron capture, with the
emission of x-rays, conversion electrons (up to ~0.2
Mev) and v rays, whereas 219, of Ta'®™ decays

25 M. E. Rose and J. L. Jackson, Phys. Rev. 76, 1540 (1949).
26 Broyles, Thomas, and Haynes, Phys. Rev. 89, 715 (1953).
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TasLE III. Isotopic cross sections for (p,pn) reactions
at high energies (millibarns).

Proton energy (Bev)

Target
nuclide 0.28 0.38 0.4 0.6 0.8 1.0 1.2 1.3 1.4 1.6 1.9 2.2 2.6 29 3.0
Nu 5.6 3.1
6.6 5.0
F1 28 27 26 26 25 21 23 24 24 27 28
28 23 28
Fest 48 47
45 42
Niss 52 39
47 36
Cuss 73 66
64
Cuss 69 68 67 51 60 56 59 62 58 54 58 62
83 73 60 65 65 71
71 73
Znb4 71 64
66 72
Mowoa 79 65 79 81 60 67 66 73 71 73 81 73 82
73 61 76 72 ;g 63
Tal8tb 44 62 46 36 25 42 46 47
53 33

a Includes contribution from Mo!%(p,2p) reaction.
b Does not include cross section for production of Tal® ground state.

proceed by B~ emission (Emax=0.71, 0.61 Mev).
Discrimination against Tal’® was thus achieved by
use of a 43-mg/cm? aluminum absorber to cut out the
conversion electrons and reduce the L x-ray contribu-
tion. The small fraction (~49,) of the counts in the
end-window counter due to K x-rays and vy rays was
determined for each (p,pn)-produced sample by
absorption of the 8~ component in ~400 mg/cm? of
aluminum. The measurement of the over-all detection
coefficient with the Ta!®” calibration sample was, of
course, also carried out under the 43-mg/cm? absorber.

RESULTS

The individual (p,pn) cross sections are shown in
Table III, and the excitation functions for F?®, Cu®%,
Mo, and Ta'®! are given graphically in Figs. 2 and 3.
The root-mean-squares errors resulting from uncertain-
ties in counting efficiencies, chemical yields, decay
curve resolutions, and branching ratios are estimated to
be 109, except in the cases of N and Ta'®, where
they are thought to be 42209 and 4259, respectively.
These errors do not include the uncertainty of 4269, in
the 10.7-mb cross section® for the Al7(p,3pn)Na2
reaction, an uncertainty which of course does not
affect comparisons of cross sections at any given energy.

From the shapes of the excitation functions it can
be seen that there is little change in the (p,pn) cross
sections in the range 0.3 to 3.0 Bev. The cross sections
for the (p,pn) reactions on F® and Cu® (Fig. 2) and
also on C2 (from references 3, 8, 9, 12-14) decrease
slightly from 0.3 to 1 Bev and then remain fairly
constant from 1 to 3 Bev. The cross sections for N%,
Fet Ni®8 Cu®, and Zn® are nearly the same at 0.4 Bev
as at 3.0 Bev, the only energies for which they have
been measured in the present study. The shapes of the
excitation functions for production of Mo* and Ta!8m
are similar to those for the (p,pn) reactions on C2, F9,
and Cu®, although, as mentioned in the Introduction,
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Fic. 2. Excitation functions for the reactions F29(p,pn)F18
and Cu®(p,pn)Cu®. O This paper—Cosmotron data. @ This
paper—Nevis cyclotron data. /A Marquez, reference 16. [] C. H.
Coleman and H. A. Tewes, Phys. Rev. 99, 288 (1955). v Vino-
gradov et al., Proceedings of the Conference of the Academy of
Sciences of the U.S.S.R. on the Peaceful Uses of Atomic Energy,
Moscow, July 1-5, 1955 (Akademiia Nauk, S.S.S.R., Moscow,
1955), session of Division of Chemical Sciences, p. 132 [English
translation by Consultants Bureau, New York: U. S. Atomic
Energy Commission Report Tr-2435 (1956), Part 2, p. 85].
X Batzel, Miller, and Seaborg, Phys. Rev. 84, 671 (1951).

the Mo* yield includes the p,2p reaction on Mo' and
the Ta'®™ yield represents only part of the Ta'®!(p,pn)
cross section. The cross sections for (p,pn) reactions
reported here thus are nearly energy-independent in
the Bev region over a wide range of nuclear sizes.
Caretto and Friedlander,” however, have measured a
decrease of a factor of about 2.8 in the Ce2(p,pn)Ce!
cross section from 0.4 Bev (86 mb) to 1.0 Bev (31 mb),
followed by a nearly constant value from 1 to 3 Bev.
Burcham, Symonds, and Young?” reported a dip of
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Fic. 3. Excitation functions for the reactions [Mo®(p,pn)Mo%
plus Mo!®(p,2p)Mo%] and Tal8(p,pn)Tal®™ The open circles
and triangles represent Cosmotron data, the full circles and
triangles are data obtained with the Nevis cyclotron. The crosses
are measurements in which Mo was in the form of PbMoOy,
rather than MoOj.

27 Burcham, Symonds, and Young, Proc. Phys. Soc. (London)
A68, 1001 (1955).
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about 309, in the C2(p,pn) cross section near 650 Mev,
followed by a maximum near 800 Mev. Symonds,
Warren, and Young® report a peak at about 750 Mev
in the FY¥(p,pn) cross section, which is not found in
the present work, perhaps because our bombarding
energies were not closely enough spaced. The same
authors quote values of 9 to 12 mb for the N“(p,pn)
cross section between 0.4 and 1.0 Bev, considerably
higher than the 621 mb value at 0.4 Bev found here.

DISCUSSION

There are three general conclusions that can be
drawn from these experiments relative to (p,pn)
reactions at high energies:

(1) All (p,pn) cross sections measured are essentially
constant in the energy region 1.0 to 3.0 Bev, and
most do not decrease very much from 0.3-1.0 Bev.

(2) Cross sections for light nuclides differ consider-
ably from one another in the Bev energy region. In
addition to the 54=1 mb value for N and the 2543 mb
value for F* reported here over the entire energy range,
(p,pn) cross sections have also been published for
C2 (261 mb at 2 to 3 Bev),® and for O (37 mb at
1.0 Bev).?

(3) The cross sections in the narrow mass region
54K A< 65 appear to fall into two groups, those for
Cu®, Cu%, and Zn® being about 459, higher than those
for Fe® and Ni®8.

Possible Mechanisms

The radiochemically observed products of “(p,pn)”
reactions could be formed by a variety of processes.

(a) A pure knock-on process for a (p,pn) reaction
involves the collision of the incident proton with a
neutron, followed by the escape of both collision
partners without additional interactions. Further, the
neutron must not be bound so tightly that its removal
leaves the nucleus sufficiently excited to evaporate an
additional nucleon.

(b) Alternatively, the incident proton may make an
elastic collision with a nucleon in such a way that one
collision partner leaves with almost the full amount of
kinetic energy available. The other partner distributes
its energy in the nucleus in subsequent collisions, and
eventually one additional nucleon evaporates. For this
type of process (knock-on followed by evaporation) to
be probable, the initial collision has to deposit about
10 to 20 Mev in the nucleus.

(c) At energies above the pion production threshold,
additional mechanisms become possible, such as the
reactions (p,2p77), (p,pnn®), (p,pnwtn™), etc. with all
partners escaping. Again, all the escaping particles may
originate in the initial collision, or one of the nucleons
could be evaporated, following the deposition of a small
amount of excitation.

(d) The emission of a deuteron, rather than a proton
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and a neutron, would lead to the same product. (p,d)
reactions proceeding by a pickup process are well
known at lower energies.

It is most unlikely that the last process can contribute
significantly in the energy region of interest. The
direct (p,d) pickup reaction falls off very rapidly with
increasing energy, probably®® as E~% and has been
shown® to be unimportant even at 300 Mev. Deuterons
emitted from nuclei bombarded with 300-Mev nucleons
were found® to have angular distributions consistent
with an indirect pickup process® in which an initial
scattering collision is followed by a pickup reaction for
one of the collision partners. The wide-angle scattering
events which account for the bulk of the observed
deuterons must be accompanied by the emission of at
least one additional nucleon and thus do not lead to
“(p,pn)” products.

Comparison with Monte Carlo Cascade Calculations

Attempts to date to compute cross sections for high-
energy nuclear reactions have generally considered the
nucleus as a degenerate Fermi gas. The approach
has been to apply Monte Carlo methods to follow the
course of the intranuclear cascade that develops as
the result of an initial nucleon-nucleon collision. Recent
calculations of this type by Metropolis e al.*5 predict
quite well the over-all yield distribution of spallation
products of copper produced at several proton energies
and give generally satisfactory agreement with the
observed number distributions, energy spectra, and
angular distributions of emitted particles found in
various experiments with incident protons and pions.

Comparison of these calculations with the present
experimental data indicates poor agreement with
respect to both the magnitude and energy dependence
of the (p,pn) cross sections.

For this comparison, any cascade product of the
type Z471 with excitation energy less than 10 Mev was
considered a “(p,pn)” product from target Z4. In
addition, cascade products Z4 and (Z+41)4 with
excitation energy between 10 and 22 Mev were con-
sidered as potential contributors to the “(p,pn)”
products by evaporation of a neutron or proton,
respectively. Neutrons and protons were assigned equal
probability for evaporation. Since the number of
evaporation events was always smaller than the direct
cascade events, more accurate relative probabilities for
neutron and proton evaporation would have little
effect on the total of “(p,pn)” events. Similarly,
different excitation energy cutoff values (e.g., 8 and
20 Mev) do not affect this comparison significantly.
On the basis of this analysis, the calculations of
Metropolis et al. lead to the (p,pn) cross sections shown

28 J, Heidman, Phys. Rev. 80, 171 (1950).

29 W. Hess and B. Moyer, Phys. Rev. 101, 337 (1956).
% B, H. Bransden, Proc. Phys. Soc. (London) A65, 738 (1952).
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TaBLE IV. (p,pn) Cross sections (in mb) predicted by the
Monte Carlo calculations of Metropolis ef al.®

Proton energy

Target 460 Mev 690 Mev 940 Mev 1840 Mev
Al 203 40+14
Cu® 2445 165 14+4 7 +£3
Rul® 266 1545 3 £3
Cel® 19-+6 10 +5
Bi2® 1846 1145 7 &+5
U8 29+8 7£S5 3 +3

a Each error quoted in this table is based on the square root of the
number N of observed cascades interpreted as (p,pn) events. This procedure
was followed for the sake of simplicity although arguments can be given for
using, in the case of a small number of events, the square root of N 4-1.
The conclusions would not be significantly changed if the latter practice
were followed.

in Table IV. Although the statistical accuracy of these
data is poor, it is sufficient to show that the calculated
cross sections are substantially lower than the observed
values in the same mass region, and that the calculations
predict a decrease in (p,pn) cross sections with increas-
ing bombarding energy, a prediction which is not in
accord with the present observations.

It has been suggested®5:7 that the underestimate of
the (p,pn) cross section by the Monte Carlo calculation
results from the assumption of a constant nuclear
density up to a sharp boundary. The (p,pn) reactions
largely result from single nucleon-nucleon encounters
with the escape of both collision partners, and such
events are most probable near the nuclear surface.
Therefore, a more realistic nuclear model with a diffuse
edge might be expected to lead to higher predicted
(p,pn) cross sections. It is not clear, however, that such
a modification of the model would raise the predicted
values sufficiently, nor that it would remove the energy
dependence of the cross sections in the present
calculations.

On the basis of the present model or the modification
suggested above, an energy-independent cross section
is likely to arise only through some compensation of
effects. The calculations of Metropolis ef al. indicate
that knock-on followed by evaporation (mechanism &)
contributes about one tenth to one third of the cal-
culated cross section at 0.46 Bev, but has essentially
disappeared at 1.84 Bev. On the other hand, “(p,pn)”
reactions involving pions (mechanism ¢) are negligible
at 0.46 Bev, but contribute about half the calculated
events at 1.84 Bev. Again, the computed contributions
of these various mechanisms would change with the
introduction of a diffuse nuclear boundary, but the
trends with energy should remain qualitatively the
same.

Variation of (p,pn) Cross Sections with A

A model based on a degenerate Fermi gas of nucleons
should lead to a smooth variation of cross section with
the size of the target nucleus. The observed cross
sections show a greater fluctuation for different nuclides
than such a model can predict.
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TaBLE V. Correlation of light-element (p,pn) cross section at
0.4 Bev with separation energy of most loosely bound particle.

Lowest Cross section
separation of (p,pn)
energy in (p,pn) reaction
Target product® (in mb) at
nuclide (Mev) Separation reaction 0.4 Bev
N 1.95 N8 — Ce4-H! 6
F1o 441 F18 — N4 Het 25
(2 7.35 015 — N¥4-H! 31b
Cc2 7.55 Cll — Be’-+Het 33¢

8 Obtained from the mass data of A. H, Wapstra, Physica 21, 367 (1955).
b From reference 9. i
¢ Interpolated from references 12 and 13; see also references 8 and 9.

Among the observed (p,pn) cross sections, that for
N* is strikingly low. Cross sections for the production
of N* have previously been found to be abnormally low
in high-energy proton bombardments of aluminum,®3!
fluorine,’ and oxygen. Following a suggestion by
D. H. Wilkinson, these low values have been
ascribed® to the fact that all of the excited states of N3
are unstable with respect to proton emission. The
observed cross section for the N“(p,pn)N® reaction
must then correspond to the formation of N in its
ground state.

In view of the N results it seemed of interest to
examine any possible correlation between the other
(p,pn) cross sections and the separation energies of
the most loosely bound particles (protons, neutrons, or
alpha particles) in the product nuclei. Among the light
elements there appears to be such a correlation, as
shown in Table V, whereas there is no correlation
between cross section and mass number. The same
observation has recently been made by Symonds ef al.?

For the (p,pn) reactions investigated in the region
54K AK65, there is no simple correlation between
cross sections and separation energies of nucleons and
alpha particles in the (p,pn) products such as seems to
exist among the light elements. In fact, the minimum
separation energies for Fe®® and Ni% are higher than
for Cu®, Cu®, and Zn® whereas the (p,pn) cross sections
for Fe® and Ni%® are the lowest measured in this region.
There also is no apparent relation between neutron
binding energy in the target nucleus and (p,pn) cross
section, and this is hardly surprising for a high-energy
process. The five nuclides investigated in this mass
region all have even numbers of neutrons, so that one
cannot learn anything from the present data about the
relative ease of removing a paired or an unpaired
neutron.

The only promising approach to finding some corre-
lation between the (p,pn) cross sections and some other
nuclear properties appears to lie in the direction of

3 Chackett, Chackett, Reasbeck, Symonds, and Warren,
Proc. Phys. Soc. (London) A69, 43 (1956).
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shell structure effects. Both Fe* and Ni% are magic
number nuclei (with 28 neutrons and 28 protons,
respectively) and as such may have abnormally small
nuclear radii. Such a radius shrinkage (of 1 to 99)
has been suggested on the basis of alpha-decay data by
Perlman, Ghiorso, and Seaborg® at the magic numbers
82 and 126. Such a purely geometric effect, however, is
almost certainly not large enough to explain the
magnitude (~45%,) of the observed depression of the
(p,pn) cross section at Fest and Ni®8.

More subtle shell structure effects on (p,pn) cross
sections may be expected if neutrons in different angular
momentum states have different radial distributions,
those with higher angular momenta having relatively
greater probabilities of being near the nuclear surface.
Perhaps the fact that Cu®, Cu®, and Zn® have (p,pn)
cross sections of 65 to 70 mb has something to do
with the f; neutrons present in all these nuclei, whereas
Ni*® (with a cross section of 40-45 mb) presumably
has its most loosely bound neutrons in p; levels. The
possibility of a more quantitative correlation between
the magnitude of the (p,pn) cross section and nuclear
level structure has been pointed out by Grover.®
He considers as available for (p,pn) reactions only
those neutrons which are in levels sufficiently high so
that removal of a neutron does not leave enough
excitation energy in the nucleus for evaporation of an
additional particle; on this basis he can account for
the relative magnitudes of all (p,pn) cross sections
above 0.4 Bev measured to date. Similar considerations
have been given by Benioff.*
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