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Cross sections for about two dozen radioactive spallation products have been measured for 50-, 100-, 190-,
and 350-MeV #% and for 200- and 350-MeV proton interactions with copper. Sums of measured pion-
induced cross sections at 50 and 350 MeV are about the same as for protons of 200 and 590 MeV,
respectively. However, at 100 and 190 MeV, nearer to the (3,3) pion-nucleon resonance, these pion-induced
cross section sums are 50 to 75% greater than those for protons of similar total energy. Ratios of the 7~ to
ar* cross sections are greater than unity for neutron-rich products and less than unity for neutron-deficient
products at all four energies, indicating that pion absorption is a substantial reaction mode, even at 190 and
350 MeV. At 100 MeV, and especially at 50 MeV, absorption appears to dominate over inelastic scattering
and the o, /o, ratios are noticeably changed from those at the higher energies. The intranuclear cascade
plus evaporation codes reproduce the proton cross sections fairly well. The pion version of the intranuclear
cascade code reproduces the pion results quite well at 350 MeV, but it underestimates them significantly at
50 and 100 MeV. )

NUCLEAR REACTIONS Cu (7#, spallation) and Cu (p, spallation), E + =50,

100, 190, 350 MeV, E,=200, 350 MeV. Production cross sections for radioac-

tive residual nuclei., Comparison with intranuclear cascade plus evaporation
calculations.
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I. INTRODUCTION

Spallation reactions of medium energy protons
with complex nuclei have been studied extensive-
ly,!”" especially in recent years with the availabil-
ity of high resolution y-ray spectrometers. The
reaction is presumed to begin with an interaction
of the incoming proton with a target nucleon; suc-
cessive scattering of the original and struck nu-
cleon then initiates an intranuclear cascade. The
residual nucleus is thus left in an excited state
and proceeds to dissipate this excitation energy,
on a much slower time scale, by the emission
of nucleons, small fragments, and ¥ rays. The
most successful model calculations treat this
complicated cascade by following the multiple
scattering of the nucleons using a Monte Carlo
technique, and the residual excited nucleus is
treated with an evaporation code. These calcula-

“tions, such asVEGAS®™° and DFF," reached a de-
gree of sophistication such that over an energy
range of about 100-1000 MeV they can reproduce
proton results rather well.

Intranuclear production, scattering, and reab-
sorption of pions plays an important role in the
successful predictive capabilities of these calcul-
ations especially at incident proton energies >1

GeV. The most notable effect is the increased con-

version of incident proton kinetic energy to nu-

clear excitation energy, because the reabsorption
of pions transfers not only their kinetic energy
but also their rest mass energy (140 MeV) to the
nucleus. The availability of charged pions as in-
cident projectiles now permits testing and refine-
ment of the nuclear models and pion reaction
mechanisms used in the calculations.

In the past, activation studies of pion-induced
reactions have been severely hindered by the
lack of sufficient beam intensity. Some early
activation work with thick targets of Br, Zn, As,
1, and Hg, in which relatively low energy 7~ were
essentially stopped in the targets, has been pub-
lished.®"'® Some exploratory work with 215- to
373-MeV 7~ on Cu has been reported by Reeder?®
and comparison studies of 656-MeV 7* and 7~ and
205-MeV proton reactions with Cu have been pub-
lished.! In this last work a dozen products were
measured and evidence for strong pion absorption
at 65 MeV was observed. These pions with total
energy, rest mass plus kinetic energy, of about
205 MeV, put more excitation energy into the Cu
nucleus than do 205-MeV protons.

With the advent of the new high-intensity, med-
ium-energy accelerators this lack of pion beam
intensity has been remedied and the large pion
fluxes at the Clinton P. Anderson Los Alamos
Meson Physics Facility (LAMPF) have been used
to study the interaction of fast 7* and 7~ beams
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with copper targets. Copper was selected for three
reasons: (i) considerable medium-energy proton
data with which to compare the pion results are

in the literature; (ii) about two-dozen y-emitting
radioactive products can be measured by direct
high-resolution ¥ spectrometry on the irradiated
foils; and (iii) copper is a target material readily
available in high purity.

The primary incentive for this study was to test
the validity of the model for pion-induced reactions
used in the ISOBAR version!” of the VEGAS intra-
nuclear cascade code. In this work, we have mea-
sured cross sections for y-emitting products from
the interactions of 50-, 100-, 190-, and 350-MeV
m* and 7° with natural Cu. We have also made sim-
ilar measurements with 200- and 350-MeV protons
and made use of 590-MeV proton data in the lit-
erature’ for comparison purposes. Cross sections
for about two-dozen products are reported and com-
compared with calculated results from the ISOBAR
version of VEGAS.

II. EXPERIMENTAL

The pion irradiations at 100 MeV and above
were carried out at the P? (pions for particle phy-
sics) channel and the 50-MeV runs were conduc-
ted at the LEP (low energy pion) channel at LAMPF.
These irradiations were performed over a
period of time during which the primary proton
beam was increased from 7 to 225 uA. The tar-
gets were exposed to pions for periods ranging
from one to four hours. The pion irradiation con-
ditions are given in Table I.

The targets were electrolytically refined, 3.8-
cm diam copper disks (Cu purity >99.8%). The
thicknesses ranged from 1.8 g cm™ in the earlier
runs to 0.4 gcm™ in the later runs at higher beam
intensities.
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The pion fluence was determined by activation
of Pilot B (20.4-min'C) and Al and Si (110-min*®F
and 15-h*Na) monitor disks. The excitation func-
tions for the first reaction have been reported!®
and recently the excitation functions for the pro-
duction of '®F and 2*Na from Al and Si-have been
measured at LAMPF.' In the P® channel a mo-
mentum bite (Ap/p) of 6% was selected in order
to provide high pion intensity. At the LEP chan-
nel Ap/p was set to 2%. At 50 MeV in the LEP
channel and at 100 MeV in the P® channel the pion
beams, especially 77, contained a considerable
electron contamination; however, electron-induced
activation yielding the products measured is neg-
ligible.?® At 350 MeV, the 7* beam contained ~1%
proton contamination despite the fact that proton
degraders and absorbers were placed in the chan-
nel. This proton contribution was also insignific-
ant. Secondary neutrons coming down the channel
were not detectable. At a given energy, the n*
flux was generally 3 to 4 times larger than the
7" flux due to the larger 7* production by protons
on the graphite production targets.

Secondary neutrons and protons generated in the
relatively thick Cu targets by the pion interac-
tions undoubtedly cause some enhancement of pro-
ducts close in Z to that of the target, especially
in Z +1 products from 7* irradiations. In another
study, to be reported later ?! the observed amount
of ®1Cu from stopped 7~ interactions with Cu sug-
gests that as much as 5% of the reported ®'Cu cross
sections for fast pions may have come from sec-
ondary reactions.

Within 15 minutes after an irradiation, the tar-
get and monitor disks were removed to a low back-
ground, shielded environment for counting the in-
duced radioactivity. In the course of this work,
three different Ge(Li) y-ray spectrometer sys-
tems were used to collect the y-ray spectra from

TABLE I. Pion irradiation conditions.

Beam monitor

Energy (MeV) Proton Pion and

Run and charge Channel current (L A) flux (sec™l) cross section (mb)
1 190, 7% P3 7 107 cic) 43
2 190, 7% p3 10 1.4x107 A1(®F) 12.8
3 190, 7" P3 10 3 x106 Al(®F) 11.2
4 350, 7t p3 97 5 %108 Si(®*Na) 4.9
5 350, 7" ps 97 3.2x 107 Al1(*¥Na)12.6
6 190, 7" p3 97 3 x107 Al(*Na)23.4
7 100, 7* p3 97 4.5% 107 Al(%Na)12.6
8 100, 7" p3 97 1.2x107 A1(%Na)23.4
9 50,7t LEP 225 1.2x107 Al®F) 4.6
10 50, 7 LEP 225 5 x108 AL(®F) 4.6

Al1(*Na)13.0
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the Cu targets. The photopeak efficiencies of
these detectors were calibrated using National
Bureau of Standards 2**Am, 2?®Th, and mixed y-
ray standard sources. The energy resolution full
width at half maximum (FWHM) of these detectors
was ~2.2 keV for the ®°Co 1332-keV photopeak.

Corrections were made for photon absorption
in the relatively thick copper disks and also for
the large source diameter (3.8 cm) vs the point
sources of the calibration standards.

The pion fluence in the first run was measured
by placing a 0.32-cm thick X 3.8-cm diam Pilot B
scintillator disk in front contact with the Cu tar-
get. The induced ''C disintegration rate was de-
termined by B*-y (511 keV) coincidence counting
by coupling the plastic disk to a photomultiplier
tube which was then mounted so that the disk was
in contact with a 7.6-cm X 7.6-cm Nal(T1) scintil-
lator unit which detected the annihilation photons.
The system is described in Ref. 18.

The '®F disintegration rate in Al or Si monitor
disks was determined by y-¥ coincidence counting
of the annihilation radiation with a pair of 7.6-cm
X 7.6-cm NaI(T1) scintillators which was calibrated

tor disks in the later high pion fluence runs were
determined by measuring the photon spectrum in-
tensity between 1.3 and 2.9 MeV with a 7.6-cm

X 7.6-cm NaI(T1) spectrometer. The counting ef-
ficiency was determined from specially prepared
24Na standards whose geometry was identical to
the monitors. The standards were prepared from
24Na solutions which were standardized with cal-
ibrated Ge(Li) detectors.

For the purpose of comparison, we have also
measured c¢ross sections of similar products
from the interaction of 200- and 350-MeV pro-
tons on copper. In this work we also compare
our pion data with 590-MeV proton cross sections
measured previously in a study involving two of
the present authors.” The 200-MeV proton ir-
radiations and subsequent y-ray measurements,
were carried out at BNL while the 350-MeV pro-
ton work was done at LAMPF. Duplicate irradia-
tions were performed at 350 MeV and one set of a
pair of irradiated foils was also counted at BNL
for interlaboratory comparison of y-spectrometry
techniques. The techniques were essentially iden-
tical to the pion measurements except thinner and

by the use of activated Pilot B disks whose *'C
absolute disintegration rate was determined by
the B*-¥ coincidence counting system described
above.

The %*Na disintegration rates in Al and Si moni-

smaller foils were used. The proton fluences
were determined from the amount of 2*Na induced
in Al monitor foils. "The 2*Na monitor cross sec-
tions used were taken from the tables given by
Cumming.?

TABLE II. Nuclear data used to calculate cross sections.

Nuclide Half-life v -ray energy (keV) v -rays/disintegration
827n 9.15h 597 0.26
ficu 3.37h 283 0.13
SN 36 h 1378 0.349
%Co 17.9h 931 0.73
%Co 78.5 day 847 1.00
5Co 271.4 day 122 - 0.86
8co 71.3 day 811 1.00
8co 1.65h 67 0.90
2Fe 8.3h 168 1.00
YFe 44.6 day 1099/1292 0.565/0.432
52Vin 5.63 day 1434 1.00
54Mn 312.4 day 835 1.00
%Mn 2.58 h 847 1.00
Bcr 21.6 h 308 0.99
cp 42 m 91 0.539
Slor 27.7 day 320 0.098
By 16.0 day 983 1.00
dgem 58.6 h 1157/270 1.072/0.86
45ce 3.93 h 1157 1.00
- d85¢ 83.9 day 889 1.00
43¢ 3.41 day 159 0.73
4830 43.7h 1037 1.00
42K 124 h 1525 0.18
8K 92.2 h 373/617 0.85/0.66

Ay 1.83 h 1294 1.00
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TABLE V. Cross sections for proton-induced spallation of copper at 200, 350, and 590 MeV.
Yield Measured (mb) Calculated (mb)

Nuclide type 200 350 590 200 350 590
9.15h 627n I 2.4 £1.1 1.1 0.3 0.60+0.15 3.0 %0.9 2.7 0.8 1.9 0.7
3.37h ficy C 25 +3 20 3 17.5 2.0 34.0 £3.1 28 £3 19.7 +£2.2
36 h 5TNi c 1.7 £0.2 1.36+0.21 1.07£0.11 5.44+1.23 4.6 +1.1 2.0 +0.8
17.9h %Co C 2.0 £0.2 2.1°+£0.3 1.70+0.10 6.4 +1.4 5.36+1,26  2.19+0.77
78.5day  %Co c 12.4 +1.3 11.6 +1.4 10.2 0.7 21.7 +2.5 17.6 +1.7 14.0 +2.1

271.4 day  5Co C 37.5 +£4.0 34.9 +£3.6 29.9 +2.0 37.3 3.1 29.2 £2.7 24.6 £2.6
71.3day = %Co 1 44.6 +£5.0 38.4 +4.2 30.0 £2.8 28.5 +2.8 22.8 2.5 15,5 +£2.1
1.65h flco C 3.4 +0.7 2.8 £0.9 2.4 +0.8 5.0 +1.2
8.3h S2pe (o} 0.10+0.02 0.22+0.05 0.27+0,03 0.50+0.37 0,59+0.41  0,79+0.48
4.6 day  *°Fe C 1.3 +0.13 1.5 +0.3 1.64+0.20 1.43+0.66 2.7 +1.1 2.3 +0.8
5.63 day 52Mn c 5:56 +0.60 8.3 1.1 9.3 +0.6 12.3 £2.0 14.6 2.0 19.2 2.3

312.5day  ¥Mn I 17.4 +1.8 21.6 +2.0 21.8 +£1.2 16.4 +2.1  17.2 £2.1  17.9 2.3
2.58h 56 Mn C 2.3 +0.3 3.2 £0.6 3.6 +0.6 3.7 +1.0 2.9 +0.9 2.0 +0.7
21.6 h Beyp c 0.07+0.01 0.23+0.06 0.30 40,02 0.03+0.09 0.51£0.35 1.0 0.5
42 m Bey c 0.74+0,08 2.3 +0.4 1.65+0.75 3.6 0.9 8,9 +1.6
27.7day  Ylcr c 12.2 +1.3 21 3 26.9 +1.8 14.7 +1.0 ~ 176 £1.8 24.1. 2.4
16.0 day %8y c 24 0.3 6.6 +1.0 9.53+0.65 2.8 0.9 18.8 1.2 14.9 x2.1
3.93h 43¢ 8 I ) )

55.6 h tagy m 1} 0.33+0.04 2.73 +0.35 6.6 +1.1 0.25+0.26 2.6 £0.9 10.8 1.8
83.8 day  %sc 1 0.61+0.,07 2.46 £0.26 4.92+0.26 0.06+£0,13 3.0 +0.9 7.2 £1.4
3.41day Ysc c 0.36+£0.04 1.2 £0.2 1.90+0.13 0.03+0.09 1.9 0.8 3.6 +1.1
43.7h B3¢ 1 0.07+0.01 0.25+0.06 0.48 £0.04 1.27+£0.60 1.8 +0.7
12,4 h 42 c 0.03+0.01 0.54+0,12 1.52+0.08 0.80+0.47 3.3 +1.0
22.2h 8By c 0.20+0.05 0.55+0.,07 0.26+£0.26 1.3 +£0.7
1.83h Hap C 0.07+0.02 0.03£0.09 1.0 0.5

> mb)® 173 185(181) 180(185) 193(190) 191(188) 215(200)

2590-MeV data are taken from Ref. 7.
b)j (mb) in parentheses represent the sums of the same products as for 200-MeV protons.

III. RESULTS

A. Measurements

The half-life, y-ray energy, and the number of
photons per disintegration, which were used to
compute the saturation disintegration rates of the
measured species at the end of bombardment, are
given in Table II. The cross sections for spalla-

tion products from #*, 77, and proton reactions
with Cu are given in Tables III-V. The yields are
listed as independent (I) or cumulative (C). The
sums of the individual cross sections shown at the
bottom of each column represent only about 25% of
the total inelastic cross section, but they allow
informative comparisons to be made among them-
selves and with the VEGAS calculations. Duplicate
runs were performed at 190 MeV with both 7* and
7~ as a check on reproducibility; this proved to be
better than +10% for all products and within +5%
for the products yielding high counting statistics.
The cross sections were computed from the ratio

data arise predominantly from determination of
the photopeak intensities and from estimated uncer-
tainties in the monitor cross sections. Smaller
contributions arise from corrections for photon
absorption in the target, extended source gecmetry
of the target, photopeak efficiency of the detector,
and variations in beam intensity during the irradi-

ation.

B. Calculations

The results of recent Monte Carlo intranuclear
cascade calculations®® with the ISOBAR version of
VEGAS followed by DF¥!! evaporation calculations

are included in Tables III-V.

In the ISOBAR ver-

sion a 1236A (pion-nucleon isobar) is formed when
a pion and a nucleon scatter resonantly, as (1) 7
+N - A. The A then propagates through the nu-
cleus as a single entity and can either decay back
into a pion and nucleon, as (2) A—-7+N or strike
another nucleon and go into two nucleons, as (3)

of the saturation disintegration rate of the spalla-
tion product to that of the monitor radionuclide
whose cross section is known.

The uncertainties listed for the experimental

A+N-N, +N, It is thisscattering of the A, given
by (3), that provides a mechanism for pion absorp-
tion. One of the primary aims of this work is to

provide data to improve the ISOBAR model in order
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to better predict the experimental observations.
The original ISOBAR version has been modified to
include an energy-dependent lifetime of the A,
nonresonant scattering, and a form factor in the
absorption calculations. Nonresonant scattering
can occur in the isospin 3 channel where no A is
formed. The form factor reduces the absorption
cross section because the pion-nucleon wave func-
tion becomes very small when two nucleons come
tco close to each other. Although these modifica-
tions have reduced the discrepancies between mea-
sured and calculated cross sections, there remains
considerable discrepancy at lower pion energies
where the calculation underestimates pion absorp-
tion. In general, 10000 cascades were followed
and errors quoted for the calculated cross sections
are statistical.

CROSS SECTION (mb)

T".4 (MeV)

Ty- (MeV)

FIG. 1. Excitation functions for several representa-
tive spallation products from fast 7* and n"reactions
with Cu. The curves are drawn to aid the eye. Solid
curves through measured points and dashed curves
through 1s0BAR-DFF calculated points.

IV. DISCUSSION
A. Comparison with previous pion measurements

Previous results for pion-induced spallatidn of
copper are to be found in some exploratory work
by Reeder with 215- to 373-MeV 7~ and a study
by Garrett and Turkevich! in which they measured
and compared cross sections from 65-MeV 7* and
7" and 205-MeV proton reactions. Reeder® reports
data for ®'Cu, %2:°Mn, and **Fe, and only the %'Cu
result agrees with ours within the quoted errors.

Interpolation of our cross section values to 65
MeV gives excellent agreement with the results of
Garrett and Turkevich. One exception is 5°Fe from
7" interactions; they report a cross section that is
an order of magnitude lower than we measure.

B. General features and comparisons of the pion results

Most of the excitation functions for individual
spallation products between A =51 and 61, some
of which are shown in Fig. 1, peak near incident
m* energies of 170 MeV. The sums of the mea~-
sured cross sections shown in Fig. 2 also peak

PROTON KINETIC ENERGY AND
PION TOTAL ENERGY (MeV)
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FIG. 2, Excitation functions for the sums of the cross
sections given in Tables III-V, The curves are drawn to
aid the eye. Solid curves through measured points and
dashed curves through 1SOBAR-DFF calculated points and
® and O for 7*; A and A for 7~; @ and O for protons.



near 170 MeV due to the fact that most of the
cross section arises from products within ten
mass units of the target. The influence of the
(3,3) pion-nucleon resonance is thus apparent
even in some reactions where the resonant pro-
cess is only the first of many steps. However,
the excitation functions of products that result
from large excitation energy deposition such as
43¢, 8V, and *°Cr increase rapidly to about 200
MeV and then either level off or increase more
gradually to 350 MeV. At or near resonance the
sums of the measured pion cross sections are
about 50 to 75 % greater than those for protons of
similar total energy (T',.140 MeV). Off resonance,
at 50- and 350-MeV pion energies the sums of the
cross sections we measure-are quite similar to
those for protons of kinetic energy similar to the
pion total energy. At resonance the sums of the
7~ cross sections are about 10% larger than the
sums of 7*.

The relative contributions of absorption and in-
elastic scattering as a function of pion kinetic
energy can be obtained, on a qualitative basis,
from the data of Tables III and IV. The effect
can be most easily observed by plotting the o,-/
o,+ ratios for neutron-rich and neutron-deficient
products versus pion kinetic energy. While 7~
absorption increases the N/Z ratio of the pion-
plus-target system, the converse is true with
m* absorption. The two cases shown in Fig. 3 dem-
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FIG. 3. Ratios of 7~ to 7* cross sections for %*Co and
61Co from Cu as a function of pion kinetic energy, The
curves are drawn to aid the eye. Solid curves through
measured points and dashed curves through 1SOBAR-DFF
calculated points: ® and O for 'Co; A and A for 5Co.,
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onstrate the point. The plots of **Co (neutron de-
ficient) and ®'Co (neutron rich) and similar plots
for other species that are not shown indicate that
pion absorption is a strong mode of interaction at
low energy. With increasing energy, as the reson-
ance is approached, inelastic scattering becomes
more important and appears to remain thus, al-
though the cross sections themselves decrease
above resonance.

In addition to the loss of pion kinetic energy in
pion-nucleon scattering interactions, the absorp-
tion process can deposit up to an additional 140
MeV of excitation energy in the nucleus, and one
major point of interest is the relative maximum
amount of excitation energy imparted to the nu-
cleus by pions and protons. This was obtained by
plotting the independent isotopic yields of several
product elements, where sufficient data exist (Sc,
Cr, Mn, and Co), versus mass number. Plots of
the interpolated cross-section maxima of the iso-
topic yields vs the mass number of the maxima,
are shown in Fig. 4. These curves show a linear
slope at large AA, and the large AA products are
the result of very high excitation energy deposited
in the nucleus. A plot of the relative slopes of the
linear portion of the mass yield curves between
A =45 and 49 for 7~ and protons against the parti-
cle kinetic energy is shown in Fig. 5.

The shift in the curves shows that the pion ab-
sorption process leads to higher excitation levels

T T T T T T T 3
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SPALLATION PRODUCT MASS

FIG, 4. Relative mass yield curves for 7=~ and proton
interactions with Cu. Smooth curves were drawn through
the peaks of the isotopic yield curves determined experi-
mentally for Se¢, Cr, Mn, and Co, normalized at 58Co,
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FIG. 5. Relative slopes of the linear portions (between
A=45 and A=49) of the mass yield curves shown in Fig,
4, The dashed lines in the upper left corner are drawn
to demonstrate that a stopped 7~ interaction imparts the
same total excitation energy to a Cu nucleus as does a
170-MeV proton,

compared to protons of equal kinetic energy and
that stopped pions are similar to protons with

~ 170 MeV of kinetic energy. We have chosen 7~
for this comparison because spallation yields have
been measured for 7~ down to 7' =0 (stopped 7~
reactions) and they will be reported in a subsequent
paper.?

Thus, at low kinetic energies, pions are effi-
ciently absorbed and can transfer their rest mass
energy into excitation. As the pion kinetic energy
is increased, absorption decreases and inelastic
scattering becomes the more important reaction
channel.

C. Comparison with VEGAS-ISOBAR-DFF calculations

1. Prctons: Examination of the data in Table V
indicates that the VEGAS -DFF codes do a reason-

ably good job in predicting the features of the pro-
ton reactions. The calculations yield higher cross
sections at large AA than those observed, and
also tend to shift the centroids of the isotopic yields
to smaller A (i.e., higher yields of neutron-defi-
cient products). The latter effect may be the chief
cause of the former. These two deviations from
observations may be due to the proton reactions
occurring deeper in the nucleus in the calculated
case than occurs in nature. The sums of the cal-
culated cross sections are consistently higher
than the measured results.

2. Pions: Examination of Fig. 1 demonstrates
that the ISOBAR-DFF codes reproduce the energy
dependence of the pion excitation functions. How-
ever, some rather large departures do exist and
they are: (i) While experiment indicates that the
sums of the 7~ cross sections are larger by about
10% than sums of the 7* cross sections, the cal-
culations indicate the converse to be true (Fig. 2).
(ii) The calculated cross sections are in general too
low at incident pion energies < 190 MeV and this
difference increases as the pion energy is decrea-
sed. Proposed inclusion of [ =0 partial waves in
the calculations directed at the absorption process
may increase the calculated cross sections at
lower energy. (iii) The calculated isotopic yields
of the Sc isotopes peak at A =47 while we observe
the maximum closer to stability at A~ 45. Pro-
ducts this far from the target (AA~20) are pro-
duced by evaporation of many particles following
the intranuclear cascade and it appears that the
DFF evaporation code may be overly influenced by
the N =28 neutron shell. More sophisticated evap~
oration codes such as that of Hillman and Eyal®*
may more properly treat shell structure effects
and yield better agreement.
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