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The cross sections for the pion single charge exchange reactions 'Al(m, m. ) Mg, 'Sc(m+, m. ) 'Ti,
and Cu(m, n. ) 'Ni were measured at pion kinetic energies from 80 to 400 MeV by activation tech-
niques. The excitation functions measured for these target nuclei do not show any structure near the
(3,3) resonance, but rather, all exhibit a monotonic decrease in cross section over this energy range,
proportional to T . Theoretical predictions based on the impulse approximation with the Fermi

gas model show a minimum near the (3,3) resonance, in disagreement with these experimental re-

sults.

I. INTRODUCTION

Pion single charge exchange (SCE) reactions have re-
ceived considerable attention recently, both experimentally
and theoretically. ' The early measurements of excitation
functions for SCE reactions were done using the activa-
tion method, and were of the (m. +,n. ) reaction on Li, ' B,
and ' C. The latter case was of particular interest because
the product, ' N, has only one particle-stable state, the
ground state, which is the isobaric analog of the target nu-
cleus, making it more amenable to theory. The cross sec-
tion for the ' C(sr+, n )' N reaction was approximately
constant over the energy range 70—250 MeV, with a value
of about 1.0 mb. The excitation functions for the other
two targets were similar in shape and had magnitudes of
about 2.5 mb for Li and 0.4 mb for ' B.

Calculations based on the plane-wave impulse approxi-
mation predicted a maximum in the cross section near the
energy of the (3,3) resonance, while calculations which in-
cluded absorption (multiple scattering or distorted wave)
predicted a minimum in this energy region. A recent cal-
culation using the delta-hole formalism was able to
reproduce the flat experimental shape, but the magnitude
was about a factor of 3 low.

More recent experiments have studied the SCE reaction
by detecting the coincident y rays from the m. decay. One
such experiment measured the excitation functions at a
forward angle for the Li(m. +,n. ) and ' C(~+,n. ) reac-
tions. In contrast to the angle-integrated activation re-
sults, the cross sections rose rapidly between 70 and 150
MeV, and were almost constant between 150 and 180
MeV.

In order to extend the data on SCE excitation functions
to heavier nuclei, we have determined the cross sections
for the reactions AI(~, vr ) Mg(9.4 min),

Sc(n+, vP) 5Ti(3.1 h), and 6~Cu(m, mo) 5Ni(2. 5 h) for
pion energies in the range 80—400 MeV. These reactions
populate many final states in the product nuclei, in con-
trast to the light nuclei previously studied, for which only
a few states are particle stable. An appropriate model

with which to compare the present data is the Fermi-gas
model, which has been used to calculate the excitation
function for the pion SCE reaction 'Cu(7r, m ) 'Ni. The
results of the present measurements will be compared
with calculations according to this model.

II. EXPERIMENTAL

A. Pion irradiations and radioactivity measurements

The targets were irradiated with beams of pions from
the P channel at LAMPF for energies above 100 MeV,
and from the low-energy pion (LEP) channel for 100 MeV
and lower energies. The momentum spread (hp/p) of the
beam was +8% in the P channel and +4%%uo in the LEP
channel. The lengths of the irradiations varied with the
target; the aluminum targets were irradiated for 20 min
(approximately two half-lives of ' Mg), and the scandium
and copper targets for 1.5—6 h. The fluctuations of beam
intensity during each irradiation were recorded to permit
the calculated cross sections to be corrected for such vari-
ations.

The pion intensity was determined by activation of Al
monitor foils to produce 110-min ' F and 15-h Na.
Three aluminum foils were irradiated simultaneously, the
center foil being the monitor and the outer foils serving to
compensate for recoil loss and gain by the center foil.
The aluminum targets used for determining the pion SCE
cross sections required no additional monitor foils. The
excitation functions for the production of ' F and Na
from aluminum have been measured at LAMPF (Ref. 6)
relati ve to the absolute cross sections for the
' C(n-, mN) "C reactions. The m. + beam was estimated
to contain &2% proton contamination at 300 MeV, and
~ 1% at lower energies.

The ' F disintegration rates in the Al monitor foils
were determined by y-y coincidence counting of the an-
nihilation radiation with a pair of 7.6 cm X 7.6 cm NaI(TI)
scintillators. This counting system was calibrated periodi-
cally with activated Pilot B scintillator disks whose "C
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absolute positron disintegration rates had been determined
by P+-y coincidence counting (see Ref. 7 for a more de-
tailed description of the counting system).

The Na disintegration rates of the Al monitor foils
used for the longer runs were determined by gamma
counting with a calibrated Ge(Li) spectrometer. The
Ge(Li) detectors were calibrated using a National Bureau
of Standards (NBS) mixed y-ray standard source. The
NBS standard was a point source; therefore the efficiency
was corrected for the effect of an extended source by map-
ping out the shape of the beam spot and taking a weighted
average of the measured efficiencies. The decay data of
the individual samples were analyzed by the least-squares

program CLSQ.
The aluminum targets were 3.8-cm-diam disks of

99.999%%uo purity, ranging in thickness from 36 to 216
mg/cm, so that the effect of secondary reactions could be
studied (see the fol/owing). The targets were brought to a
low-background environment within 5 min after each ir-
radiation and counted on either of two shielded Ge(Li) ~

spectrometers in the LAMPF Nuclear Chemistry Labora-
tory; the 843.8-keV y ray was used to determine the 'Mg
yield. The samples were counted for 30 min to l h.

The Mg activity produced via the secondary reaction,
~7A1(n, p) Mg, was determined by measuring the apparent
cross section as a function of target thickness. Measure-
ments were made using at least three thicknesses of alumi-
num foil at each pion energy. The pion intensities v ere
determined by measuring the ' F produced in the target
foils; this spallation product is presumed to be free of
secondary reaction contributions. The ' F activity in the
aluminum targets was counted with the y-~/ annihilation
counter already described.

The scandium targets were high-purity metal targets
2.54-cm square; the thickness of the targets was variecl in

order to determine the magnitude of the secondary effect.
After irradiation in the pion beam, these targets were dis-
solved in dilute 3M HCl. Ten milligrarns of Ti carrier as
T1Cl3 was then added and the solution warmed to ensure
complete exchange. Ten milliliters of 6 jc cupferron solu-
tion was added to complex the Ti'+ and form a titanium
cupferrate precipitate. The cupferrate was then extracted
into chloroform which had been pretreated with 3M HC1,
and the chloroform was then washed two times with 3M
HCl. The chloroform was then evaporated, and the
cupferron destroyed with nitric acid and hot sulfuric acid.
Finally, the titanium was again precipitated with cupfer-
ron. The cupferrate was filtered out and mounted on a
counting plate. This procedure was tested prior to the
pion experiment by irradiating scandium foils with 800-
MeV protons. The procedure was shown to be effective in
eliminating scandium activity. Titanium-45 is a 3.08-h
pure positron emitter, so its activity was determined, after
chemical separation, with the same ~'~/ annihilation
counters used to count ' F. The decay of the 'Ti activity
was followed over periods of 12 h and longer, and the de-
cay data were fit with the least-squares program cLsQ,
which provided the activities extrapolated to the end of
bombardment. Also, the half-lives determined from cLsg
were used as a further check to ensure the purity of the

Ti product.

After counting the titanium samples, the chemical yield
was determined spectrophotometrically. The samples
were dissolved with nitric and perchloric acids. To these
solutions was added 1 ml of hydrogen peroxide to form
pertitanic acid which is strongly colored; they were
analyzed against standards prepared from the original
stock solution that was used for the Ti carrier.

The copper targets consisted of metallic foils of two
types: natural isotopic abundance, and foils enriched in

Cu to an abundance of 99.7%. The latter foils were
used as "thin" targets (10 mg/cm2) to study the effect of
target thickness, and were also used in a stack of compar-
able thickness to the foils of natural copper to increase the
amount of Ni activity.

A chemical procedure was designed to separate Ni from
the much larger concentration of Cu and purify it ra-
diochem ical ly from the spallation products present at
much higher activity levels. The specificity of dimethyl-
glyoxime (DMG) for Ni was used for both separation and
purification, along with steps for the elimination of possi-
ble contaminants. The Cu target was dissolved in dilute
HNO& in the presence of Ni carrier and small amounts of
Fe(III) and Mn(II). This solution was made basic with
NH~OH, precipitating Fe(OH)3. About 0.2 g of
(NH&). C.O~ was then added in order to prevent Mn from
coprecipitating with the Ni in the following step, because
tests had shown the presence of Mn contamination in
the final product if this was omitted. An excess of DMG
in alcoholic solution was added to precipitate the NiDMG
compound. After washing, the precipitate was dissolved
in dilute HNO3, a few milligrams of Cu added, and CuS
precipitated by passing HzS through the solution. The
H2S was removed from the liquid by boiling, and Ni was
again precipitated from the basic solution as the DMG
compound. The chemical yield was determined by weigh-
ing and was usually 70—90 Jo.

The Ni samples were counted using low-background
beta counters. The efficiency of these counters for detect-
ing Ni was determined as a function of sample thickness
by means of a series of standardized sources of Ni.
They were prepared by neutron irradiation of natural Ni,
and were standardized by measuring the intensity of the
1481.9-keV ) ray with a calibrated Ge(Li) spectrometer.
The decay curves were resolved into two components of
half-lives 2.52 h and 36.0 h, corresponding to Ni and'

Ni, respectively.

B. Secondary reactions in the targets

The radionuclides formed by pion single charge ex-
change reactions can also be formed by the analogous nu-
cleon charge exchange reaction, caused by the secondary
nucleons produced in the target by the pion beam. Thus,
the (7r, m ) and (n, p) reactions result in the same product,
as do the (rr+, n ) and (p, n) reactions. The contribution of
such secondary reactions to the observed yield can be es-
timated by measuring the apparent cross section as a
function of target thickness and extrapolating to zero
thickness. The most suitable measure of target thickness
for this purpose is the mean path length of the secondary
particles in the target, since the yield should be propor-
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tional to this quantity. A simple relationship between the
mean path length of secondary neutrons and the target di-
mensions has been derived for production from a point
source in the center of a circular target of radius ~ and
thickness of t &~r. Further assumptions for secondary
neutrons are that they are formed isotropically and there
is no attenuation due to absorption in the target. The
mean path length, I, is then given by

0.8—

0.7—

eV

3l= ———ln—
2 2

The most extensive measurements of the secondary ef-
fect were made for the aluminum targets, for which the
effect of the (n,p) reaction was large. Measurements of
the cross section for Mg formation were made for three
target thicknesses at all pion energies studied. The data
from measurements at 160, 200, and 300 MeV are shown
in Fig la. s a function of mean path length, with least-
squares linear fits at each pion energy to arrive at the zero
thickness intercept, which we take to be the (m, m. ) cross
section. The magnitude of the secondary effect (the slopes
of the lines} varies with the beam energy, decreasing by
nearly a factor of 2 in going from 160 to 300 MeV. This
may be due to a larger neutron production cross section in
the vicinity of the (3,3) resonance and a decrease in the
(n, p) cross section with energy.

The magnitude of the secondary effect for the forma-
tion of Ni in Cu targets via the (n, p) reaction was mea-
sured at pion energies of 200 and 300 MeV. The thin tar-
get consisted of enriched Cu, 10-mg/crn thick, plus the
7-mg/cm Al monitor, while the thick target was 90-
mg/cm Cu and 30-mg/cm Al. The difference in ap-
parent cross sections was 16+20 p,b at 200 MeV, and
54+20 pb at 300 MeV; in terms of the mean path length
from Eq. (1), the average correction is 0.13+0.07
pb/mgcm . This slope is much smaller than those for
aluminum targets as shown in Fig. 1. The reason lies in
the magnitude of the (n, p) cross sections involved, with
the Al(n, p} reaction having about five times the cross
section of the Cu(n, p) reaction between 10- and 20-MeV
neutron energy. Similar differences in the secondary ef-
fects for these two targets were observed for protons of
several GeV energy. ' '"

The contribution of the secondary (p,n) reaction to the
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FIG. 1. Apparent cross sections for the Al(n, m. ) Mg re-
action at 160, 200, and 300 MeV as a function of secondary neu-
tron average path length in Al target foils.

formation of Ti in the Sc targets is more difficult to
determine because of the short effective range of the
secondary protons. A study of the formation cross sec-
tion for Ti with 180-MeV m. + in Sc targets differing by a
factor of 3.5 in total thickness (target plus monitor foils)
was carried out. The targets consisted of a thin one of 7.6
mg/cm Sc, an intermediate one of 36.8 mg/cm, and the
thickest one of 80 mg/cm, plus a 24 mg/cm Al monitor
foil packet immediately downstream of each Sc target.
The measured cross sections were corrected for secondary

Ti production using the method described in the Appen-
dix. The largest correction for the 80-mg/cm target was

TABLE I. Secondary corrections for the 'Sc(m. +,m ) 'Ti.

Pion
energy
(MeV)

Target
thickness
(rng/cm )

Sc+ Al

80 + 24

Uncorrected
cross section

{pb)

2049

Secondary
contribution

(pb)

167

Corrected
cross section

(pb)

1882

180 7.4 + 24
37+ 24
80 + 24

996
1142
1144

89
161
225

907
981
919

37+ 24
80+ 124

'Average of two measurements.

691'
708

175
244

516
465
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20&o. After correction, the values for the three
thicknesses were scattered about the mean with a standard
deviation of 4%%uo. This is a smaller deviation than the dis-
tribution of uncorrected data (7%%uo). It should be noted,
however, that these deviations are smaller than the uncer-
tainty due to counting statistics and the estimated uncer-
tainty in the chemical yield determinations (g%%uo). The
corrections applied at all energies and target thicknesses
are given in Table I. An increase in the uncorrected cross
section with target thickness was observed for both 180-
and 300-MeV ~+. This increase is not evident in the
corrected cross sections. However, as already noted, the
secondary corrections are generally small compared to the
scatter in the data.

I.O—

O. I—

AI(m', w ) Mg

45 + 0 45Sc(m+, vr ) Ti

III. RESULTS AND DISCUSSION

The results of these measurements are given in Table II,
as cross sections for each of the pion SCE reactions stud-
ied, corrected for secondary effects. The errors given in
Table II include the uncertainty in the monitor cross sec-
tions, as well as the uncertainties arising from counting
statistics, decay-curve resolution, and detector efficiency
calibration.

These data are shown in Fig. 2 as a function of pion ki-
netic energy, together with curves obtained from the cal-
culations according to Kaufman and Hower. This calcu-
lation addresses the question of activation measurements
on medium-mass nuclei, in particular the

Cu(vr, m. ) Ni reaction. The reaction is assumed to
occur as a quasifree pion-nucleon charge exchange,

+p~n+K
with the restriction that the neutron be bound in the resi-
dual nucleus. Furthermore, the excitation energy of that
nucleus, equal to the sum of the proton hole and neutron
particle energies, must not be large enough to allow parti-
cle evaporation, otherwise the Ni product would not re-
sult. Thus, only a small fraction of the total charge-
exchange cross section is effective in forming the observed
radiochemical product.

The Fermi-gas model was used to evaluate the density
of particle-stable final states, and distortion effects were
included in an approximate way by integrating the prod-

l.O— CU( 71,vr ) Nt

0.5—

I

400 500I OC'

uct of the pion-nucleon cross section and the nuc1ear den-
sity along the pion s path. ' Straight-line trajectories were
assumed, and both pion-nucleon scattering (modified by
the Pauli Principle) and pion absorption were included.
The distortion effects resulted in a minimum in the cross
section near the (3,3) resonance, owing to the strong ab-
sorption of the incoming and outgoing pion waves. The
calculated excitation function for the (n, m ) reaction
was found to be proportional to ZEO/A, where Eo is the
maximum excitation energy in the residual nucleus and Z

Ot, I

0 200 300
T (MeV)

FIG. 2. Excitation functions of the pion SCE reactions
A1(m. , m ) Mg, Sc(m+, vr ) Ti, and 'Cu(m, m' ) Ni. The

smooth curves are the calculations according to the method of
Kaufman and Bower (Ref. 5).

TABLE II. Cross sections for pion single charge exchange reactions.

Pion energy
(MeV)

80
1QO

120
140
160
180
200
250
300
350
400

Al{m, vr ) Mg
o (pb)

1178+186
716+180
505+ 117

397+33
306+59
343+32
314+32
250+18
149+14

'Sc(~ m ) Tr
u (pb)

1882+ 141

936+112

499+87

"Cu(~-, ~o)65Ni

(~b)

660+56
470+36
442+47
369+34
396+31
285%31
259%26
280+30
200+25
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and A are the atomic number and mass number of the
target.

Since the calculation in Ref .5 was specifically for the
Cu nucleus, the published excitation function can be

scaled according to the above-mentioned factor for the
targets. The inverse-A dependence results from the nu-
clear volume dependence of the distortion effects. For a
(m. +,m ) reaction, the elementary process (2) becomes
sr+ + n~p+ w, and the cross section is proportional to
the number of neutrons rather than Z. The primary vari-
ation of cross section for different targets is due to the
variation of Eo.

For calculating the curves shown in Fig. 2, a Fermi
momentum of 280 MeV/c was used, and the values of Eo
used were equal to the neutron binding energy plus 1.0
MeV. The experimental data show none of the structure
predicted by the model, but rather appear to have a
smoothly decreasing cross section with pion kinetic ener-

gy. The calculated cross sections are of the correct order
of magnitude, however, and the predicted dependence on

Eo is confirmed by the data. Thus, Mg and Ni have
similar neutron binding energies, 6.44 MeV and 6.10
MeV, respectively, and their cross sections are similar in
magnitude. On the other hand, the neutron binding ener-

gy in Ti is 9.42 MeV, and its cross section is 2—3 times
larger than that of the former nuclides.

The experimental excitation functions, with their
smoothly decreasing cross sections, suggest an inverse

5eO i I I & I
f

dependence on the incident pion kinetic energy. This type
of energy dependence has been observed recently' in the
Li(p, n) Be charge exchange reaction in a similar energy

range, as well as in (p, xn) reactions' ' on targets such as
Au and Bi. In Fig. 3, the data are plotted on a log-

log scale, and lines corresponding to a T ' dependence
are shown. It is clear that such an energy dependence fits
the data rather well over the energy range 80—400 MeV.
One can understand this qualitatively for nucleon charge
exchange reactions' in terms of a single energy-
independent nucleon-nucleon interaction and the require-
ment that the captured nucleon be in a small, fixed-energy
window, while the total phase space increases with the
available energy. However, it is difficult to apply such a
picture to explain the present results for pion charge ex-
change, since both the primary reaction (2) and the distor-
tion effects are strongly energy dependent.

Excitation functions for (m+, m ) reactions on the light
nuclei Li, ' Be, and ' C do not show this inverse energy
dependence, but are rather flat between 70 and 250 MeV.
The cross sections do decrease above 150 MeV, but less
rapidly than as T '. Thus, there appears to be a change
in the energy dependence of the (m

+—
, m ) reactions when

the number of excited states populated in the final nucleus
becomes large.

In summary, the excitation functions for pion SCE re-
actions leading to multiple bound states in the region of
the (3,3) resonance do not show any structure, but rather
decrease smoothly with pion energy, approximately as
T '. This may result from a broadening of the resonance
inside the nucleus, causing the predicted structure to be
washed out.

2.0—
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APPENDIX:
CORRECTION FOR SECONDARY (p, n) REACTION

The secondary production of -'Ti due to the
Sc(p,n) Ti reaction caused by protons produced in the

target was calculated using the following formulae'
which take into account the geometry of the targets and
energy loss in the target.

For a target thickness t less than the proton interaction
range R, the secondary yield is

t
( F(t,E~) ) = f no(u)du+ —f C(x)dx, (Al)

T (Mev)

FIG. 3. Cross sections of the three studied pion SCE reac-
tions, compared to lines corresponding to a T ' energy depen-
dence.

where R~ is the proton range in the target material Ep
is the proton energy; n is the number of target nuclei per
unit volume; o. is the secondary reaction cross section as a
function of the proton path length, p, in the target, i.e.,
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x/sin8
F(x,8}= f nor(u)du . (A3)

the excitation function is expressed in terms of the dis-
tance required to degrade the initial proton energy to a
given energy; and

n/2
C(x) = f F(x,8)cos8d8 (A2)

and

0.5

04—

E
0.3

O

O
Cl

02

O

300 MeV

The first term in this expression is the yield due to pro-
tons which can never leave the target. The second term is
the yield due to protons which are able to leave the target
and is expressed in terms of the yields due to protons leav-
ing the target in the backward direction, F(x,8).

For t & R, the secondary yield is

R ] R

( Y(t,E )) = 1 ——f ncr(u)du ~ —f C(x)dx,
2I, t

O. I

0.0
0 50 too 150 200 250 300 350 400 450 500

Thickness (mg/cm )

FIG. 4. Calculated secondary production of" Ti via the (p, n)
reaction associated with the reaction -'Sc(~+,~ ) 'Ti.

(A4)

and for continuity at t =R, the yield is
R R

( F(R,E~)) = —,
' f 'no(u)du +—f C(x)dx . (A5)

The secondary yield was determined by integration'
over the proton energy distribution calculated by the in-
tranuclear cascade code IsoBAR (Ref. 21) for n+interac-.
tions with Sc at 100-, 180-, and 300-MeV incident ener-
gies. The secondary yield due to protons evaporated from
the excited nuclei after the intranuclear cascade was also
calculated' by integrating over the proton energy distri-
bution calculated by the Dostrovsky, Fraenkel, and Fried-
lander (DFF} (Ref. 22) evaporation code. Experimental
cross sections for the Sc(p,n) Ti reaction as a function
of proton energy were used in these calculations and carne
from the work of Dell et at'. ' and McGee et a/. " The
total yields of Ti secondary production for the three
pion energies are plotted in Fig. 4 as a function of target
thickness. Note that the secondary effect becomes nearly
constant for thick targets. This saturation effect is due to
the finite range of secondary protons in the target materi-
al. This correction makes it impossible to determine

empirically the secondary correction by measuring the
cross section as a function of target thickness when thick
targets are required.

In addition to secondary reactions resulting from pro-
tons produced within the scandium target, there is a
secondary contribution resulting from protons produced
in the aluminum monitor foils. The proton production in-
tensity is nearly independent of the target material be-
cause it is primarily dependent on the proton density of
the target material. The protons are emitted almost iso-
tropically, and the range for protons at energies low
enough to produce" Ti is short. Therefore, the secondary
contribution from protons produced in the aluminum
monitor foil can be approximated using the secondary
cross section for scandium. However, only protons emit-
ted in the backward hemisphere will interact with the
scandium target. Therefore, the secondary contribution
from the monitor foil is calculated as one-half the sec-
ondary cross section for a scandium target having a thick-
ness equal to the monitor foil thickness (in mg/cm ). The
total calculated secondary contribution was subtracted
from the experimental cross section to arrive at the
corrected SCE cross sections reported here.
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