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The effective forward, perpendicular, and backward ranges of "C produced in the interaction of
90—350 MCV m

—with carbon have been measured using conventional thick-target thick-catcher ac-

tivation techniques. With increasing pion energy, the forward ranges decrease, the backward ranges

increase, and the perpendicular ranges remain essentially unchanged. Ho~ever, these trends are

much more pronounced for m than for m+. The results have been compared with an intranuclear

cascade code. The ratios of calculated effective ranges for m. and m+ bombardment show the same

cncI'gy dcpcndcncc as observed experimentally.

I. INTRODUCTION

The study of the pion-nucleon knockout reactions,
' C(Ir +-,IrN) "C has attracted a great deal of both theoret-
ical and experimental interest. The excitation functions of
these reactions mirror those of the free pion-nucleon in-
teraction. ' It was therefore believed that the ratio of
closs sections obtaiIlcd 111 Ir aIld Ir Icactlolls, Ir /0'
should display a similar value at the (3,3) resonance as the
free-particle pion-nucleon cross sections, i.e., three. By
contrast, the experimental value of this ratio is 1.59+0.07
(Ref. 2). Monte Carlo intranuclear cascade (INC) calcula-
tions with the IsoaAR code, which assumes quasifree
dynamics and takes into account Fermi motion, Paul1
blocking, final-state interactions, etc. , predict o /a.
=2.4 for ' C at the resonance.

There have been efforts to explain the observed cross
section ratio by supplementing quasifree knockout with
final-state nucleon charge exchange (FSNCX). Despite
the differences in these theoretical approaches, ail these
calculations indicate that final-state nucleon charge ex-
change plays a significant role in lowering calculated ra-
t108.

In view of the success of these theoretical models to ac-
count for the observed o /cr+ ratio, we believe that it is
of importance to examine the nature of the reaction
kinematics of (Ir, lrN) reactions in the presence of the (3,3)
resonance and the FSNCX process. A feasible approach
to this study is to measure the recoil characteristics of the
residual nuclei for the ' C(Ir +—

,Irn)"C reactions between
90 and 350 MCV. In the present work, we employ a tech-
nique that has been successfully exploited in the study of
the ' C(p, pn)"C reaction, namely, the measurement of
thick-target recoil ranges. " The comparison of effec-
t1ve reco1l ranges obtained 1n our measurements and tIlose

predicted by the INC calculations should indicate the ade-

quacy of quasifree reaction kinematics.

II. EXPERIMENTAL

The experiment involved irradiations of target-catcher
stacks with pions followed by assay of the induced "C ac-
tivity. The irradiations were performed at the P and
LEP channels of the Clinton P. Anderson Meson Physics
Facility (LAMPF). The Ir+ and Ir energies ranged
from 90 to 350 MCV, and the exposures had a duration of
approximately 30 min.

The target stacks consisted of a 14.3 mg/cm thick
graphite foil sandwiched between two 25 pm (5 mg/cm )

thick beryllium foils of the highest available purity. An
additional Be foil was incorporated in the stack in order
to permit a determination of the contribution to the ob-
served "C activity in the catchers from reactions with im-
purities in the beryllium. Beryllium guard foils protected
the stack from externally produced "C recoils. The target
stack was irradiated in two different orientations to the
beam at each energy. In experiments designed to yield the
effective forward and backward ranges, the stack was
mounted perpendicular to the beam direction, while in
those designed to yield the perpendicular ranges, it was
mounted at 10' to the beam.

Following each irradiation, the activity in the various
foils was assayed with a y-y coincidence counter consist-
ing of two NaI(T1) scintillation detectors mounted on ei-
tllcl sKlc of tllc foll. Windows wcl'c sct oil tllc 511-kcV
quanta resulting from positron annihilation in copper ab-
sorbers surrounding the foils. The various samples were
counted for 1—2 h periods and decay curves were con-
sistent with the 20.4 min half-life of "C, present in al-
most all instances as a single component.
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TABLE I. Effective ranges of "C produced in the ' C(m +—
,mN) reaction.

Projectile
T

(MeV)

90
140
180
230
300
350

FW
(pg/cm )

260 +13
235 +13
191 +10
171 + 9
156 + 8
172 k 9

PW
(pg/cm )

92.0+4.8
106 +6
101 +5
101 +5
103 +5
112 +6

BW
(pg/cm )

36.6+11.2
42.4+3.9
40.7+3.6
47.1+3.4
59.1+4.2
54.5+3.9

90
140
180
230
300
350

215 +20
209 +12
161 +10
124 + 7
97.7+ 6.6
88.7+ 10.7

83.2+4.8
96.4+4.9
98.2+4.8
90.6+4.3
94.8+4.6
94.4+5.4

17.0+7.0
30.8+3.9
37.6+3.8

51.9+4.0
72.4+5. 1

70.1+9.0

The contribution of the blank was found to be a signifi-
cant correction, particularly for the backward catcher,
where it amounted to —10% at the higher energies and to
as much as 40% at the lowest energy. A 5—10% correc-
tion for this effect was applied to the activity of the for-
ward catcher as well as to that of the catchers in the 10'
experiments.

III. RESULTS

The disintegration rates of the target and catcher foils
were used to obtain the effective forward, backward, and
perpendicular ranges of "C in carbon, designated FW,
BR', and I'8', respectively. The quantities F, B, and P
are the fractions of the number of "C nuclei recoiling into
the forward, backward, and perpendicular catchers,
respectively, and W is the areal density of the target. In
the case of the 10' runs, the value of P represents the aver-
age of the results obtained for the two catchers.

The results are summarized in Table I. The tabulated

4)
~~
0
0)

O
O

).2—
+
4 10—
i~

y 0.8—
LL.

0,6—

0.4—

2.0—

1.8—

(al

200-

l00-

50-
E

20i-

FW-
~~ 200-
O

IOO

O
4) 50-

UJ

FW+
PW+

BW+

1.4—

1.2—

'o 10—

0.8—

0.6—

0.4—

100 200 500
20- BW-

. I I I I

0 l 00 200 RM 400
T~(MeV)

FIG. 1. Energy dependence of the effective ranges of "C
from the ' C(m +—

,mN) reaction. Top, incident m+; bottom, m

Solid curves are drawn to guide the eye.

T (MeV)

FIG. 2. Energy dependence of the ratio of effective ranges of
"C produced by m. and m. + reactions on ' C, with (a) showing
FW (m /~+) and (b) showing BW (m /m+). 0, experiment;
CI, IsoBAR calculation; the solid curves (hand drawn) and dashed
lines (least-squares fits) show the trends in the experimental and
calculated ratios, respectively.
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FIG. 3. Energy dependence of the ratio of effective ranges of
"C formed in (p,pn) and (m+, mN) reactions. The proton data
are from Refs. 9—11. 0, FW; 5, PW; 0, BW. Solid curves are
drawn to guide the eye.

IV. DISCUSSION

Effective ranges were obtained from the IsOBAR (Refs.
3 and 4) INC calculations for comparison with the data.

uncertainties are based on the statistical errors, those asso-
ciated with the blank correction, and the uncertainty in
target thickness (3%), combined in quadrature. The
overall uncertainties range from approximately 5% to as
high as 40% for BWin the 90'MeV m. experiment.
Replicate experiments performed with 90 MeV m

+ agreed
to within the value expected from the estimated uncertain-
ties.

The energy dependence of the effective ranges is
displayed in Fig. 1. One observes that the effective for-
ward ranges decrease with increasing pion energy, the ef-
fective perpendicular ranges are independent of energy,
and the effective backward ranges increase with bombard-
ing energy. Furthermore, the energy dependence of FS'
and 88' is markedly stronger for incident m than for
m+. This difference is more dramatically demonstrated
in Fig. 2, in which the ratios of m to m

+ effective ranges
are plotted versus incident pion energy. As can be seen,
both the F8'and B8'ratios exhibit large, albeit opposite,
changes with energy. The significance of these trends and
a comparison with similar trends predicted by ISOBAR
INC calculations are considered in the next section.

Although our results constitute the first determination
of recoil ranges of (m, m.N) reaction products, similar re-
sults have been previously obtained for the ' C(p, pn) reac-
tion induced by protons of comparable energy. "Figure
3 shows the ratios of effective ranges obtained with pro-
tons and n+ as a function of bombarding energy. Within
the limits of uncertainty, the FS' and BW' ratios are equal
to unity at essentially all energies, but the values of P8'
are significantly larger in the proton reaction, particularly
at the lower energies.

The procedure followed was essentially the same as that
previously described in a study of the ' C(p, pn) recoil
ranges. " Between 5000 and 10000 cascades were run at
each experimentally studied energy for both m + and m

For each cascade resulting in a "C product, the recoil
momentum was obtained from the overall energy-
momentum conservation. An experimentally determined
range-energy relation for "C in carbon" was used to ob-
tain the recoil range. This quantity was then projected
along an axis parallel or antiparallel to the beam depend-
ing on whether the recoil was directed into the forward or
backward hemisphere, respectively, as well as along an
axis perpendicular to the beam direction. The projections
obtained for all the cascades that were run for a particular
pion energy were then combined in the manner discussed
elsewhere" for comparison with the data. The number of
cascades leading to "C formation as a result of pion in-
elastic scattering followed by evaporation were negligibly
small and were ignored.

It is most meaningful to present the results of the calcu-
lation in terms of the ratio of projected ranges obtained in

and m
+ reactions (Fig. 2). This procedure reduces the

uncertainties associated with the conversion from recoil
energy to range and permits one to focus on the physics of
the reaction. The generally good agreement between the
calculated and experimental ratios indicates that the
ISOBAR code contains the important physics. Let us ex-
amine which factors might be responsible for the observed
energy dependence of the ratios of projected ranges.

It is convenient to consider first the simplest case, in
which the pion knocks out a nucleon at the first collision
and the outgoing pion and nucleon do not undergo any
further collisions. In this single-collision picture, if we
further assume that the (2-I) residual nucleus is only a
spectator (the quasifree model), then the recoil momentum
of the residual nucleus pz in the laboratory will be equal
and opposite to the nucleon momentum pN prior to its
collision with the pion, pz ———pN. Since pN is distribut-
ed isotropically in space, then, if the pion-nucleon interac-
tion did not have a resonance (i.e., if it were independent
of the collision energy), this single-collision quasifree pic-
ture of the reaction would yield the following: (a) an
equality between the forward and backward recoil of the
residual nucleus; and (b) an insensitivity of the recoil
momentum to the incoming pion energy. Owing to the
presence of the (3,3) resonance, the above phenomena are
not observed. Instead, the geometry in which the pion in-
teracts with a nucleon having an appropriate momentum
for forming the (3,3) resonance will be greatly favored. If
we denote the total collision energy in the c.m. frame of
the ~N system by 8' then

W= ( [Err(ko ) +EN(PN ) B] —( ko+ PN) j—

OI, using pN= —pg,

[m rr+ ~ N +2Err(ko)EN(PR ) +2koPR cos~R

2B[E (ko)+EN(p~—) —B/2]J'

where ko is the pion beam momentum, the m's and E's
are, respectively, the masses and energies of the particles,
and 8 is the binding energy of the ejected nucleon. The
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0~ is the recoil angle with respect to the direction of ko.
Consequently, forward and backward recoils correspond
to cos&z &0 and &0, respectively. From this last equa-
tion, we see that for pions with incoming energies below
—180 MeV, the (3,3) resonance energy ( W = 1232 MeV) is
easily reached with the geometry having pz cos8z &0;
that is, with the collision associated with a target nucleon
moving toward the incoming pion. This situation also
corresponds to an enhanced probability of observing for-
ward recoils. Furthermore, the lower the pion energy, the
larger will be the forward recoil momentum compared
with the backward recoil momentum. The situation is re-
versed for pion energies higher than —180 MeV. The res-
onance energy is more easily reached with pz cos8& &0,
corresponding to a nucleon moving in the same direction
as the incoming pion. The higher the pion energy, the
smaller will be the forward recoil momentum and the
larger will be the backward recoil momentum. Thus, this
single-collision quasifree picture is already able to describe
the general trend of the observed recoil momenta, namely,
that the forward recoil decreases with pion energies while
the backward recoil increases.

In the present ' C(n +—
,mN) "C study, the leading contri-

butions to the production of "C come from the basic m—+n
scatterings. In m n scattering the resonating P33 wave
component is more dominant against the nonresonating
background than in m+n scattering. Consequently, we
have for the ' C(~+,m N) "C reaction a situation closer to
the ideal nonresonance situation discussed in the last para-
graph. This explains why the energy dependence of the
observed EW and BW recoil is less prominent for the
' C(sr +,mN) "C reaction than for the ' C(m. ,mN)"C re-
action and accounts for the variation with energy of the
ratio of ranges. It also accounts for the similarity between
(m. +,mN) and (p,pn) reactions (Fig. 3). The real situation
is, of course, more complex in that multiple collisions are
important. For example, a pion can lose energy through
collisions before the one that knocks out a nucleon so that
the effective pion energy for the last n N collision is much
lower than the beam energy. This possibility has been ful-

ly taken into account by our INC calculations.

In summary, the comparison of the recoil characteris-
tics of the reaction product "C from the (m. +—

,mN) reac-
tions in ' C with those from the (p,pn) reaction shows the
important role of the (3,3) resonance in the kinematics of
the pion reactions. The qualitative agreement between our
experimental data and INC calculations indicates that the
kinematics for the ' C(vr —,~N)"C reactions is basically
governed by multiple quasifree scattering and seems in-
sensitive to FSNCX details. This insensitivity can be un-
derstood if one recalls that contributions to (p,n)-type nu-
cleon charge exchange come mainly from the small-angle
scattering region, where the momentum transfer given to
the residual nucleus is small. Consequently, although
FSNCX can have large effects on cross sections and on
the ratio of the latter, it can only alter slightly the quasi-
free feature of recoil characteristics. We should note,
however, that the INC model makes use of free nN and
NN cross sections and is classical in the sense that in-
terference effects between multiple scattering and FSNCX
processes leading to the same final state are absent in the
model. Since the interference effects are by no means
negligible, the lack of such effects in the INC model
could be the origin of the quantitative discrepancy be-
tween INC calculations and the measurements as shown
in Fig. 2.

V. CONCLUSIONS

The effective forward, perpendicular, and backward
recoil ranges of "C produced in the interaction of 90—350
MeV m

+-with ' C have been measured. Sizable differ-
ences in the energy dependence of the ranges determined
for m

+ and a are seen. These differences can be ac-
counted for by the ISOBAR intranuclear cascade code, and

can be understood in terms of the larger amplitudes of the
n than for the m+n scattering at the collision energy

corresponding to the (3,3) resonance.
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