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The momentum distributions of pions inelastically scattered from He and He were measured for
incident energies of 350, 400, and 475 MeV. Pions were detected in a magnetic spectrometer at
scattering angles of 60, 90', and 120'. The spectra show quasifree scattering from single nucleons
along with a substantial component of lower momentum pions. The results are compared to a sim-
ple impulse approximation model, which accounts for the principal features of the data, but does not
reproduce the low momentum tail even with the inclusion of multiple scattering.

I. INTRODUCTION

Experimental studies of pion-nucleus interactions have
included many measurements of pion-nucleus elastic and
inelastic scattering, single nucleon knockout by pions,
pion charge exchange scattering, and pion absorption (a
process which cannot occur on free nucleons). For ener-
gies from about 100 to 300 MeV, the region of the 6 reso-
nance, the nonabsorptive reaction cross section is
dominated by quasifree scattering (QFS), the knockout of
a single nucleon by the pion while the rest of the nucleus
acts as a spectator. In an inclusive scattering experiment,
in which only the scattered particle is detected, the signa-
ture of quasifree scattering is a broad peak in the energy
spectrum of the scattered particle. The center of the peak
is shifted slightly downward from the "free" energy loss,
EE=q /2M (q is the momentum transfer and M the nu-
cleon mass) by an amount, e, which is primarily due to
binding energy of the knocked-out nucleon. The width of
the peak is due mainly to the momentum distribution of
the struck nucleon, i.e., it is approximately 2qKF/M (It".F
is the Fermi momentum).

QFS singles out a one-step process, which can be relat-
ed to the mN scattering operator in the nuclear medium.
At the QFS peak there is little mismatch between energy
and momentum transfer, i.e., the scattering is essentially
on-shell. Therefore, the maximum of the wave function
dominates the reaction process; since this occurs at mo-
menta q &kf, high momentum components will not be
important. In an inclusive measurement, summation over
the final nuclear states tends to eliminate any dependence
on the fine details of the nuclear structure.

The QFS peak is also observed for inclusive electron
scattering, ' ' where it is to be anticipated from the
weakness of the electron-nucleon interaction —the chance
that an electron will scatter twice in the same nucleus is
very small. Pions, on the other hand, interact strongly
and the mean free path in the nucleus is smaller than the
nucleus. The probability of multiple collisions should be
large. Inelastic inclusive scattering of protons, which also

interact strongly, in the energy range from 100 to 800
MeV on a variety of nuclei behaves as expected, ' ' with
no pronounced peak observed. The apparently anomalous
behavior of pion scattering at energies below 300 MeV is
attributed to the high probability for pion absorption.
Pions which interact more than once are unlikely to
emerge into the inelastic spectrum and obscure the single
scattering peak.

To increase our understanding of the energy depen-
dence of QFS for pions we have extended the measure-
ments of the inclusive pion scattering in He and He to
energies above the b, resonance (350, 400, and 475 MeV).
The choice of He and He was motivated by several con-
siderations. First, their wave functions are well known
from electron scattering. ' Second, the small number of
nucleons reduces the contribution of multistep processes
and admits the possibility of tractable microscopic calcu-
lations. Third, their high density may result in significant
changes to the ~N scattering operator by the nuclear
medium. Moreover, through comparison of the m+ and

QFS cross sections, He with two protons and one
neutron offers the possibility to study the effect of the iso-
spin dependence of the elementary ~-N interaction. The
ratio of the total elastic cross sections for m+p and n. p,
for example, changes from 9.3 at 175 MeV to 1.8 at 500
MeV. The measurement of scattering from He checks
the relative normalization of the flux monitors for the in-
cident m+ and ~ beams, since the m+ and m. cross sec-
tions should be identical.

II. EXPERIMENTAL METHOD

Pions from the P beam line at LA.MPF were focused
on a target located at the pivot point of the large accep-
tance spectrometer (LAS). The targets used were He,
He, CHz, ' C, and Al. The CH2 and ' C targets were

used to normalize the observations to the m-p elastic
scattering cross section, while the Al target was used to
determine the background from the aluminum walls in
the helium cryostat.
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The incident pion flux was measured by a pair of scin-
tillation telescopes designed to detect muons from pion
decay in flight. ' These were placed upstream from the
target and set to detect particles emerging on either side of
the beam at an angle of 5'. An additional monitor, an
ionization chamber, was placed in the beam 5 m down-
stream from the target. The calibration of the ionization
chamber was dependent on the target in the beam, but
with a given target the ionization chamber and the m-p
monitors were stable relative to each other to within a few
percent. As another test of monitor stability, we kept a

- running account of the ratio of the raw event rate in the
spectrometer to the m-p monitor rate during each run.
This ratio remained constant within statistical accuracy.
The calibration was done for each energy and charge of
the incident beam by observing scattering from CH2 and
' C targets, where the ' C data were used for background
subtraction.

The target system was a cryostat' ' containing liquid
He and superfluid He in separate, identical cells. The

target cells were mounted one above the other inside the
cryostat and were of rectangular cross section, 15 cm wide
by 10 cm high, with their thickness varying from 2.5 cm
at the edges to 3.75 cm in the middle. The front and back
windows were made of 0.094 cm-thick aluminum.

The LAS is a quadrupole-quadrupole-dipole (QQD)
system equipped with a scintillator, S1, at its entrance
and two five-element scintillator hodoscopes, S2 and S3,
at the end. A coincidence between these detectors serves
as the event signal. The time difference between S 1 and
S2 measures the time of flight of the particle. To mea-
sure its trajectory through the spectrometer there are four
sets of multiwire proportional chambers, each with an x
and a y plane. The first set is located immediately follow-
ing S1 in front of the first quadrupole magnet. The
second set is between the second quadrupole magnet and
the dipole magnet. The third and fourth sets follow the
dipole and are separated by 1 m. Using the trajectory
measurements, the momentum of the scattered pions was
measured. In a momentum range of +10% around the
central momentum, the resolution was approximately
1.2% (standard deviation). A range of 8' in scattering an-

gle was accepted. At each angle, spectra were measured
at three or four settings of the spectrometer's central
momentum and combined after unfolding the measured
spectrometer acceptance.

III. DATA REDUCTION

The momentum and scattering angle for each trajectory
in the spectrometer was determined from a X minimiza-
tion procedure to fit the eight measured x-y coordinates
to the five starting parameters for the particle, namely x,
y, dx/dz, dy/dz, and dp/p at the target. The coordinate
z is along the axis of the spectrometer, while x and y are
perpendicular to it with x being vertical (in the bend plane
of the spectrometer) and y horizontal. The X distribution
from this analysis always gave a sharp peak near X =0.
Events for which the X was more than six times the stan-
dard deviation of this peak were discarded. Approximate-
ly 90% of the otherwise acceptable events passed this X

test. The observed values of X imply that each wire plane
has a position uncertainty of 0.3 cm, a value consistent
with the properties of the wire chambers and multiple
scattering in the spectrometer. - Most of the events in
which the pion decayed to a muon or scattered from pole
tips or other apertures should fail the X test. Another
test for the contribution from pion decay and scattering
was derived from a study of the momentum spectra of the
pions scattered from protons in CHz. Spectra from CH2
alone show a peak on a smoothly varying background.
When the ' C spectrum is subtracted. from the CH2 spec-
trum, events generally remain only in the m-p peak region.
Thus, either the contamination from decay muons is very
small or is confined to a momentum region close to that
of the original pions. In all cases less than 10% of the ac-
cepted data were outside the momentum peak for m-p
scattering, even at the lowest momentum studied.

Several additional cuts were made to reduce the back-
ground even further. Cuts were made on the projected
target coordinates to define the beam spot on the target.
I imits were also placed on the vertical scattering angle,
and on the wire chamber coordinates themselves. The
various cuts for a typical run are illustrated in Fig. 1.

Protons were eliminated by measuring the time of flight
from scintillators S 1 to S2 and S3. The electronic time
gate of 20 ns for this coincidence eliminated all protons
with momenta lower than about 600 MeV/c and a
software cut on the scintillation pulse heights removed the
rest. Background from the aluminum walls of the target,
which was typically 5—10% of the signal, was subtracted
using spectra measured with the aluminum targets.

To calibrate the pion flux monitors, measurements were
taken with a CH2 and a ' C target. After subtracting the
carbon background from the CH2 data, the data in the mp
peak were summed. The phase shifts of the Karlsruhe23
analysis of the world m-N data were used to obtain the
cross section for rrp scattering. This was combined with
our summed data to obtain the incident pion flux, from
which the monitors could be calibrated. The same cuts
and pion decay corrections used for the ~-He analysis
were applied to the normalization data. There remain
some systematic differences which may contribute to un-
certainty in the normalization. First, the momentum
spread of pions scattered from protons is large enough for
the integrated number to be sensitive to the details of the
I.AS acceptance. Second, the much stronger dependence
of momentum on scattering angle for m-p scattering than
for m-He scattering is coupled through second order ef-
fects into the LAS acceptance function. Third, the ' C
background is large and varying in the region of the ~-p
peak, so that a difference in the relative angular orienta-
tion of the two targets can affect the ' C background sub-
traction. %'e estimate that each of these factors could
contribute an uncertainty in the normalization of as much
as 10%.

The normalized spectra at a given energy and angle for
m+ and m. scattering were found to be similar for the He
and ' C targets. Since He and ' C both have isotopic
spin of 0, this is to be expected. However, some
discrepancies outside the statistical error were observed.
Consequently, we integrated the spectra for He over the
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FIG. 1. Histograms of variables for which cuts were made in selecting data used for final analysis. The vertical dashed lines show
the cut points. X2 is the coordinate in the second wire chamber in the bend plane. Y1, Y2, Y3, and Y4 are the coordinates in the
four chambers in the horizontal plane. TGTX and TGTY are projected x and y coordinates at the target, where x is vertical and y is
horizontal. PIPHI is the pion angle at the entrance to the spectrometer measured in the bend plane. CHISQR is the g value ob-
tained from the fitting routine used to calculate the pion momentum, coordinates, and angles at the target.

region of the expected QFS peak (between the 10%
points) and adjusted the normalizations to make the n.+
and m sums at a given angle and energy agree. With this
normalization the m. + and m. spectra for ' C are also in

satisfactory agreement. However, our measurements of
the m-p cross sections do not then agree within the statisti-
caI error with tabulated cross sections. To show the ex-
tent of this disagreement, our measured n.-p cross sections

TABLE I. Comparison of m-p measured cross sections to cross sections obtained from phase shifts.

T~
(MeV)

350
350
350

60'
90

120

(mb/sr)
Measured

3.2
0.63
1.2

p
(mb/sr)

Karlsruhe
phase shifts

3.00
0.63
1.03

(mb/sr)
Measured

0.86
0.41
0.47

p
(mb/sr)

Karlsruhe
phase shifts

0.96
0.39
0.40

60
90

120'

2.70
0.31

2.03
0.24
0.44

0.73
0.22
0.35

0.90
0.26
0.38

475
475
475

60'
90

120

1.35 1.24
0.03

0.95
0.24
0.53

0.87
0.18
0.87
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FIG. 2. Momentum distributions for pions with incident energy of 350 MeV scattered from 4He at 60', 90', and 120'. The data for
m+ are plotted in histogram form and the data for m are plotted as points with error bars. The solid lines are the results of an im-

pulse model calculation allowing only single scattering. The arrows show the momentum for scattering from a stationary free nu-

cleon whose initial effective mass is reduced by a binding correction.

are compared in Table I to those obtained from the
Karlsruhe phase shift. tabulation. From these discrepan-
cies the uncertainties in the absolute values of the cross
sections are estimated to be of the order of 20% at 350
and 475 MeV and 30go at 400 MeV. Systematic errors in
ihe m+ to m. ratio are much smaller.

IV. DISCUSSION OF THE RESULTS

The observed spectra are shown in Figs. 2—10. Tabula-
tions of these data are available from the authors. The er-
rors shown. include the statistical uncertainties along with
an estimate of the effects of uncertainties in the accep-
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FIG. 3. Momentum distributions for pions with incident energy of 350 MeV scattered from He at 60', 90', and 120'. The data for
m+ are plotted in histogram form and the data for m. are plotted as points with error bars. The solid and dashed lines are the results
of an impulse model calculation allowing only single scattering for m+ and m, respectively. The arrows show the momentum for
scattering from a stationary free nucleon whose initial effective mass is reduced by a binding correction.

tance correction. The arrows in the figures indicate the
momentum that would be observed for a pion scattering
from a stationary nucleon with an effective initial xnass
M* =M ez and a final mass M equa—l to that of the free

nucleon. The correction term e~ was set equal to the
average nucleon binding energy. It is clear that the in-
clusive scattering spectra are not dominated by quasifree
scattering, in strong contrast to the situation for pions'
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FIG. 4. Same as Fig. 2 but with an incident energy of 400 MeV.

at lower energies. At 90', where the elementary m-N cross
section is lowest, it is difficult to identify any QFS struc-
ture in the spectra. At all three energies the spectra for
60 scattering show the QFS peaks most prominently.
The peaks in the He spectra are narrower and therefore

more easily observed than those in the He spectra, which
is consistent with the relative widths of the nucleon
momentum distributions in He and He.

The He and He spectra have been compared with a
Monte Carlo calculation based on a semiclassical scatter-
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FIG. 5. Same as Fig. 3 but with an incident energy of 400 Me&.

ing model. The pion was assumed to follow a straight line
trajectory inside the nucleus before and after the collision
with an individual nucleon. Free m-N cross sections, in-
cluding charge exchange, were used to calculate the prob-
ability for successive, uncorrelated scatterings. Nucleon
binding was included by using the effective mass M* for
the struck nucleon. To account for the internal momen-

turn of the nucleon, the single particle momentum distri-
bution measured in (e,e'p) scattering by Jans et al. was
used for He, while a Gaussian distribution was used for
He. The Gaussian was given a width of 70 MeV/c to

match the width of the QFS peaks measured at lower en-
ergy. ' Calculations were made with and without multi-
ple scattering. The results for single scattering only are
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FIG. 6. Same as Fig. 2 but with an incident energy of 475 MeV.

shown in Figs. 2—7.
The calculations for He are somewhat more successful

at representing the data than are those for He. The sin-
gle scattering calculations with He reproduce the shape
of the spectra for momenta above the peak, but overesti-
mate the cross section at forward angles, and underesti-
mate it at 120 . At low momenta the single scattering cal-
culation greatly underestimates the measured cross sec-

tions. When the pion is allowed to scatter twice in the
same nucleus, the agreement at 60 is better, as seen in
Fig. 11, but the model still cannot account for the excess
low momentum pions. Also, as seen in Fig. 11, the in-
clusion of double scattering in the model tends to shift the
peak towards higher momentum and away from the ob-
served peak position at 90. This shift is due to the fact
that two smaller angle scatterings, for which the cross sec-
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FICx. 7. Same as Fig. 3 but with an incident energy of 475 MeV.

tion is large, can result in a 90' scattering with less
momentum loss than that of a single 90' scattering. Al-
though the low momentum component is not reproduced
by our model, the double scattering calculation does sug-
gest that multiple scattering can play a significant role at
the larger angles where the single scattering cross section
is very low. The data for He are very difficult to inter-

pret with our model. At momenta just below the elastic
scattering the cross section rises at a rate reasonably con-
sistent with the QFS model, but near the momentum
where the QFS peak should occur, other processes ap-
parently become important.

In order to make some quantitative statements about
the data we have fit the spectra with the function
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FICs. 8. Momentum distributions for pions with incident energy of 3SO MeV scattered from Al at 60, 90, and 120. The data for
m+ and m were averaged.

A exp( —a.p~) +BS(p ), where S is the spectral shape ob-
tained from the single scattering approximation model
and where the exponential function was chosen to approx-
imate the low energy pion component. It is intended to
represent multiple scattering as well as a variety of multi-
body final states (especially m. production) for momenta
below the QFS region. For each spectrum, the parameters

3 and B were varied to get a best fit, and the function BS
was integrated' to get an estimate of the total QFS com-
ponent. Some typical results are shown in Fig. 12, and
the integrated QFS cross sections are listed in Table II. In
several cases, the peak obtained from the single scattering
model is clearly at too high a momentum to provide a fit
to the high momentum part of the measured spectrum.
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FIG. 9. Same as Fig. 8 but with an incident energy of 400 MeV.

Therefore a second method was also used. The exponen-
tial function, as obtained from the fitting procedure, was
subtracted from the measured spectrum and the
remainder was integrated over the region of the QFS
peak. The second set of results is presented in Table III.

The QFS cross sections extracted by these two methods

for m+ and m. on He were compared by taking their ra-
tios, which are listed in Tables II and III. These ratios
should reflect the isotopic dependence of the m-N cross
section and can be approximated to first order by the sim-
ple ratio



1300 J. SOS%'ELL et al. 32

"wi(~, ~ ) T = 475 MeV

I

125:
100:

I I I I

OH 60'

0 —
i t I

100 200
:E

I I I I. I I I I. I I I . I I I I—

300 400 500 600
p IMev/c)

150
125 =

100
75
50
25

O
100

I I I I

I I I I I I I I I i=-~& I

200 300 400 500
p„(Mev/c)

I I I—

i

125
100:

I I I I—

OH = 120'

0 I I I I I I I I I I I—
100 200 300 400

p t,'Mev/c}
500 600
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2 (m+p)+ (m+n)

2 (m p)+ (m n)
de do'

where the differential cross sections are evaluated in the
laboratory frame at the scattering angle of interest. The

numerical values of this ratio are also listed in Tables II
and III for comparison to the integrated QFS cross sec-
tions. Although the comparison of the data and the sim-
ple ratio is certainly not perfect, the order of magnitude
and the trends with energy and angle are in reasonable
agreement. The difficulty in extracting true QFS from
the data precludes more accurate comparison.



INELASTIC SCATTERING OF m+ AND m MESONS FROM. . . 1301

80

60

40—
20—

I I

100

'He(~, vr )
I I I I I I I I I I I I I I I 1

60

11111 I I I

200 300 400 500
P~' (MeV/c)

600

T& —— 350 MeV

80—
60—
40:
20:

I

100

'I-ie(~, vr )
I I I I I I I I 1 I I I I I I I

I 1 I i I I I I I

200 300 400 500
P„(MeV/c)

600

25:
20:
15:
10:
5

—
I I I I

100 200

I I I I I I .'I I I I I

0" = 90

I I I I I

300 400 500
(MeV/c)

~ 1

I

20

15—
10—

I I I

100 200 300 400
P ' (MeV/c)

I I I I I

I I I I I

500 600

40:—
30:
20:
10:

I I

100 200

I I I I I I I

Qw

I I I

300 400
(Me V/c)

I I I I I I I—

120

I I I I I I I

500 600

50
40:—
30 ':—
20:—
10:

I—
1

100 200

Qw

300 400
(MeV/c)

I I I I I I I

500 600

I I I I I I I I I I I I I I I—

FIG. 11. Comparison of the impulse model calculation allowing double scattering to that allowing only single scattering. The solid

line shows the results when the pion was allowed to scatter only once in the nucleus and the dashed line shows the results when two

scatterings were allowed.

The cross sections for inclusive pion scattering on "He
measured by Baumgartner et a/. were found to be fit by a
b,-hole model rather well from 170 to 270 MeV. At 320
MeV the fit to their data was less satisfactory. At that
energy the energy spectra for pions scattered into angles
around 90' also show a significant contribution from low

energy pions. Ingram et al." studied pion inelastic
scattering in ' 0 at energies from 114 to 240 MeV and
found that at the lower energies the contribution of multi-
ple pion-nucleon collisions was small, while at 240 MeV
they accounted for approximately 25'///o of the cross sec-
tion. The continuation of this trend to even larger contri-

TABLE II. Cross sections obtained by integrating the calculated single scattering peak fitted along
with an exponential background to the data. R is the ratio of the m+ and m cross sections on He.

350
350
350

60'
90'

120'

m+ He
(mb/sr)

3.88
0.69
2.08

m 3He

(mb/sr)

2.99
0.58
1.55

m 4He

(mb/sr)

3.30
0.86
2.10

Measured

1.30
1.19
1.34

Expected

1.41
1.17
1.34

60'
90'

120'

2.70
0.67
1.10

2.29
0.60
1.01

2.33
0.58
1.36

1.18
1.12
1.09

1.30
0.97
1.05

475
475
475

60'
90'

120'

2.71
0.30

2.38
0.34
0.59

2.42
0.32
0.30

1.14
0.88

1.12
0.62
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FIG. 12. Examples of the data fit to a combination of an exponential term plus a calculated single scattering peak.

TABLE IIL Cross sections obtained by summing over QFS peaks after subtracting an exponential
background function. 8 is the ratio of the m+ and m. cross sections on He.

T~
{MeV)

350
350
350

60'
90'

120'

m+ He
(mb/sr)

4.00
0.75
2.40

m He
.(mb/sr)

2.54
0.55
1.86

m-4He

(mb/sr)

3.47
0.60
1.83

Measured

1.58
1.36
1.29

Expected

1.41
1.17
1.34

60
90'

120'

2.84
0.45
1.22

2.39
0.67
1.20

2.49
0.49
1.40

1.19
0.67
1.02

1.30
0.97
1.05

475
475
475

60'
90

120

2.93
0.27

2.57
0.35
0.58

2.70
0.39
0.27

1.14
0.77

1.12
0.62
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butions from multiple collisions may explain the observa-
tions reported here.

There are several reasons to expect larger contributions
from multiple scattering at these energies. As discussed
by Ingram et al. ," the following factors tend to reduce
the contribution of multiple scattering at energies in the
region of the 3-3 resonance:.

(1) Pauli blocking limits the scattering of a pion which
has already lost a substantial fraction of its energy in a
first scattering

(2) The probability of pion absorption increases with
the number of m-N interactions within the nucleus. This
tends to remove strength from the multiple scattering pro-
cess.

(3) At the resonance, the first scattering occurs at an
energy for which the cross section is relatively large, while
the second occurs at an energy for which the cross section
is relatively small.

For energies above the resonance these effects are all less
important:

(1) After a first scattering the pion still has too much
energy for Pauli blocking to be important.

(2) The cross section for pion absorption becomes rela-
tively less important as the energy is increased above the
resonance. .

(3) The first scattering occurs at an energy for which
the relative m-N interaction tends to be smaller than the
cross section at the energy of a second scattering.

scattering. The failure of our simple classical-scattering
model with multiple scattering included then remains to
be explained.

V. CONCLUSIONS

We have measured the inelastic, inclusive spectra of
pions scattered from He and He at energies of 350, 400,
and 475 MeV/c. In contrast to the situation for lower en-
ergy pions, the cross sections are not dominated by the
QFS process. For momenta corresponding to the high en-
ergy side of the QFS peak, the magnitude of the cross sec-
tion is, however, .roughly in agreement with an impulse
approximation model. A substantial contribution from
low energy pions tends to obscure the QFS peak„particu-
larly at large angles. A semiclassical impulse approxima-
tion model incorporating multiple scattering is unable to
account for this component.

Additional measurements with higher statistical pre-
cision and extending to lower values of the momentum of
the scattered pion are needed to obtain an accurate value
of the total inelastic cross section and the ratio of the QFS
to the total cross section. Measurements of exclusive pro-
cesses in a coincidence experiment are needed to resolve
the single scattering part of the cross section and to deter-
mine the source of the low momentum component in the
inclusive scattering.
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