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p1112C elastic scattering between 18 and 44 MeV
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Differential cross sections forp1112C elastic scattering in the energy range of 18–44 MeV for six scat-
tering angles have been measured with an increment in the incident energy of 2 MeV. The measured cross
sections are compared to calculations within the framework of a unitary scattering theory of the pion-nucleus
interaction. It is shown that the excitation function at angles around 90° is dominated by theD wave of the
pion-nucleus interaction.@S0556-2813~98!05605-2#

PACS number~s!: 25.80.Dj, 25.80.Hp, 24.10.2i
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I. INTRODUCTION

At energies near the~3,3! resonance pions primarily prob
the nuclear surface because of the strong pion-nucleon in
action and the consequent short mean free path. At lo
energies the pion mean free path in the nucleus beco
longer (;5 fm at Tp550 MeV rather than;0.5 fm atTp

5180 MeV!, and information about the nuclear interior ca
be obtained. At pion energies below 50 MeV the availa
experimental data are limited to only a few experiments a
do not give a complete picture of the behavior of the cr
section.

In this paper new data in the energy range between 18
44 MeV are reported. These data together with data fr
previous measurements@1–9# give a rather complete descrip
tion of the energy dependence of the cross section for p
tive pion elastic scattering from carbon in this energy regi

II. EXPERIMENT

The experiment was performed at the Low Energy P
channel~LEP! of the Clinton P. Anderson Meson Physic
Facility ~LAMPF!. The main goal of the experiment was
study the energy dependence of pion absorption on de
rium @10#. However, by using a single hit trigger and a CD2
target, additional data forp112C elastic scattering were ob
tained atp1 energies of 21, 23, 25, 27, 29, 31, 33, 35, 3
39, 41, and 45 MeV. The momentum resolution of the p
beam was varied betweenDp/p51% at 45 MeV and 4% a
21 MeV.

*Present address: University of Minnesota, Minneapo
MN 55455

†Present address: Department of Physics, College of William
Mary, Williamsburg, VA.
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A large solid angle detector, the LAMPF BGO-ball, wa
used to detect the reaction products for this study. Deta
information on the BGO-ball can be found in Refs.@10,11#.
A rectangular array of nine CsI scintillators, DA1–DA9
with a 10-mm-thick upstream plastic scintillator S2, dow
stream of the BGO-ball was used for beam composition
termination and normalization.

The target was composed of CD2 with a cross sectiona
area of 131 cm2 and an areal density of 0.469 g/cm2. It was
attached to a thin paper tube and placed in the center of
BGO-ball. The supporting tube was aligned along the be
axis. The diameter of the tube was large enough to keep
walls out of the beam. A thin 0.25-mm-thick plastic scint
lator S1, with a cross section of 636 mm2 was placed im-
mediately upstream from the target. A coincidence betw
this scintillator and at least one detector of the BGO-b
formed the event trigger. A coincidence of the beam scin
lator S1 with the central detector DA5 of downstream C
array formed a beam trigger. One of every one thousand
the beam events was read out and analyzed for pion frac
determination and normalization.

The detectors of the BGO-ball were of pentagonal a
hexagonal shape, tightly packed to form a truncated icosa
dron of 32 sides. The detectors were distributed at an in
radius of 6.1 cm from the center of the array to the cente
each crystal face, and were arranged in six rings centere
laboratory scattering angles ofu537°, 63°, 79°, 102°, 116°,
142°. The time resolution of the detectors of about 1 ns w
sufficient to eliminate the accidental coincidence of partic
from different beam bursts arising from the LAMPF bea
5-ns structure. The array covered a total solid angle
30/3234p sr. Each detector consisted of a 3-mm-thi
NE102 plastic scintillator optically coupled to the front of
5.6-cm-thick bismuth germanate~BGO! scintillator and cov-
ered a solid angle about 0.39 sr. Both scintillators w
viewed by a single photomultiplier. Since the decay const
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2410 57V. YU. ALEXAKHIN et al.
of the BGO scintillator is much longer than that of the plas
scintillator ~250 ns vs 1.5 ns!, the anode signal was tim
sliced to provide bothDE ~fast! and E ~slow! signals for
charged particle identification~pions, protons, deuterons
etc.!, and for identification of neutrons andg rays. TheDE
andE signals were separated using

DE5~DEmix2Emix•R1mix2DEoffset!•GDE , ~1!

E5~Emix2DEmix•R2mix2Eoffset!•GE , ~2!

whereDEmix is a charge integrated over short~50 ns! gate,
Emix is a charge integrated over long~250 ns! gate,GE and
GDE are calibration coefficients,R1mix andR2mix are a frac-
tion of a slow component in aDEmix signal and a fast com
ponent in aEmix signal, respectively. The parametersDEoffset
and Eoffset determine the zeros ofDE and E scales. The
mixing parameters and offsets were obtained by using
nals from neutral particles which have no fast compon
and particles stopped in plastic which have no slow com
nent. The parameterGDE was set to give the correct energ
deposited in the plastic scintillator for protons with kine
energies above 50 MeV where the light output from the pl
tic scintillator is approximately a linear function of the d
posited energy@12#. The energy calibration of the BGO crys
tals was obtained by using the elastic peak fromp1112C
scattering. An alternate calibration using thep1d→pp re-
action gives similar results. Adjustments ofDE andE gains
as well as mixing parameters and offsets were perform
continuously during on-line and off-line analysis because
the temperature dependence of BGO scintillator light out
and the decay constant@13#. An example of the two-
dimensional spectrumDE2E is shown in Fig. 1. A coinci-

FIG. 1. Contour plot of two-dimensional distribution ofDE ~in
plastic! andE ~in BGO! obtained from BGO-ball phoswiches. Re
gions corresponding to different particle types are labeled on
plot.
g-
t
-

-

d
f
t

dence between the target detector S1 and at least one
crystal in anticoincidence with DA5 was used as an ev
trigger.

The pion flux was kept below 104p/s to limit pile-up in
the BGO-ball detectors and to allow the beam particles to
directly counted. Pulse height and timing information fro
the S1, S2, and DA5 detectors was used to determine
pion fractions. A cut was placed on the time between S1
S2 to eliminate accidental coincidence between partic
from different beam bursts. Another cut was applied to
two-dimensionalDE2E distribution ~pulse height from S2
and DA5! to eliminate positron events. Modified Moya
functions@14# were used to describe the shape of the ene
loss distribution in S2:

F~E!5P1e[ 2P3~E2P2!2e2P4~E2P2!] , ~3!

whereE is the energy loss in S2 andP12P4 are adjusted
parameters. The spectrum was fitted with a sum of two s
functions, one for pions, and the other for muons. The fit
pion distribution was integrated to obtain the pion fractio
For the two lowest energies~21 and 23 MeV! some pions
lost all of their energy in S2 and did not hit DA5. The co
responding pion peak has a different, more complica
shape. In this case only the muon peak was fitted and p
fraction was determined as the result of a subtraction
muon fraction from the integral number of beam particles

A Monte Carlo simulation of beam particles passi
through the setup using theGEANT code@15# has been per-
formed. Corrections for energy loss, straggling, multip
scattering and decay were calculated from this simulati
The resulting correction to the normalization is 7% for t
highest beam energy and 44% for the lowest one. For be
energies of 21 and 23 MeV this correction accounts
pions, which passed through the target but did not hit D

e

FIG. 2. A scatteredp1 spectrum forTp543.5 MeV anduc.m.

5142°. Dashed, dotted, and dash-dotted lines represent Gauss
results for ground state, 21 state, andp1d elastic peak, respec
tively. The solid line is the sum of these three Gaussians.
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TABLE I. Differential cross sections. Overall systematic uncertainty of 5% is not included in total er

Tp
a uc.m. ds/dVc.m. Statistical Normalizationb Total c

~MeV! ~deg! ~mb/sr! error error~%! error

18.8 37 18.28 1.13 5.0 1.46
65 3.79 0.36 0.41
83 3.93 0.42 0.46
103 5.19 0.56 0.62
118 7.39 0.76 0.84
142 8.02 0.64 0.75

20.9 37 13.27 0.94 4.2 1.10
65 3.89 0.37 0.41
83 4.19 0.23 0.29
103 5.14 0.43 0.48
118 6.48 0.39 0.48
142 7.78 0.38 0.50

22.9 37 9.44 0.60 4.5 0.73
65 4.39 0.35 0.40
83 4.60 0.47 0.51
103 5.48 0.29 0.38
118 7.85 0.38 0.52
142 8.54 0.36 0.52

25.0 37 11.23 0.76 4.1 0.89
65 4.08 0.36 0.40
83 4.28 0.37 0.41
103 6.00 0.34 0.42
118 8.45 0.33 0.48
142 8.99 0.37 0.53

27.1 37 7.88 0.58 3.7 0.65
65 3.14 0.29 0.32
83 4.13 0.28 0.32
103 6.37 0.32 0.39
118 8.67 0.37 0.49
142 7.87 0.36 0.46

29.2 37 6.59 0.66 3.6 0.70
65 3.28 0.31 0.33
83 3.96 0.34 0.37
103 6.87 0.34 0.42
118 8.06 0.42 0.51
142 8.40 0.34 0.45

31.2 37 6.77 0.71 3.5 0.75
65 3.26 0.26 0.29
83 3.77 0.25 0.29
103 6.32 0.38 0.44
118 7.64 0.35 0.44
142 8.66 0.43 0.52

33.3 37 4.94 0.53 4.2 0.56
65 3.20 0.30 0.33
83 3.40 0.25 0.28
103 5.62 0.30 0.37
118 7.57 0.35 0.46
142 7.61 0.36 0.46

35.4 37 4.23 0.38 4.0 0.41
65 2.44 0.19 0.21
83 3.19 0.20 0.23
103 5.02 0.26 0.33
118 6.64 0.24 0.36
142 7.13 0.27 0.39
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TABLE I. ~Continued!.

Tp
a uc.m. ds/dVc.m. Statistical Normalizationb Total c

~MeV! ~deg! ~mb/sr! error error~%! error

37.4 37 4.68 0.40 4.9 0.46
65 3.02 0.37 0.39
83 4.00 0.24 0.31
103 6.75 0.32 0.45
118 8.51 0.38 0.56
142 8.88 0.40 0.59

39.5 37 5.05 0.47 3.4 0.50
65 3.13 0.27 0.29
83 4.47 0.26 0.30
103 6.98 0.31 0.39
118 8.21 0.35 0.44
142 8.02 0.38 0.46

43.5 37 5.71 0.49 3.8 0.53
65 3.37 0.27 0.30
83 4.53 0.21 0.27
103 7.39 0.34 0.44
118 8.22 0.29 0.42
142 7.63 0.26 0.37

aEnergy in the center of target.
bSame value for all six angles at given energy.
cTotal error is the statistical and normalization error summed in quadrature.
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and were lost from the beam trigger. This simulation a
was used for calculating the pion energy at the center of
target.

The cross sections were also corrected for counting
losses due to dead time. A typical value of the dead time
5%. The uncertainty in the normalization is 3–5% and it
mainly due to fitting error, the statistical error is less th
1%.

Most of the pions stopped in a BGO scintillator decay v
p1→m11nm and muons subsequently bym1→e11ne

1 ñ m with lifetimes of 26 and 2.2ms, respectively. Energy
deposited in the BGO by the decay products during integ
tion time ~250 ns! will be detected. Within that time almos
all pions decay, resulting in a muon which deposits 4.1 M
kinetic energy in the crystal. This additional energy does
affect the energy resolution. However, the positron fro
muon decay, which has a kinetic energy between 0 and
MeV, produces the high-energy tail which can be obser
in Fig. 2. This tail contains about 9% of all stopped pi
events.

The largest background in this experiment is due to n
target-related events originating from beam pion decay n
the S1 detector where the decay muon triggers the detec
system. For the 21–45 MeV pions, the decay rate of
beam is about 21–14 %/m. This background is most imp
tant for the first ring of the BGO-ball located at small sc
tering angle since them1’s are confined in a narrow con
with an opening angle ofu<30° for our pion energies. An
other source of background is the beam particles scatte
on the beam scintillator S1 and its surroundings. Backgro
measurements made with only the target removed were
tracted from the measurements with the target in place.

After background subtraction the pion spectrum was fit
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with 2–3 Gaussians to separate quasielastic scattering
carbon @the excitation of the 21~4.44 MeV! level# and
p1d-elastic scattering fromp112C-elastic scattering. Since
the resolution of the detectors was about 3.5 MeV~full width
at half maximum!, least-squares fitting using the known lo
cations of the quasielastic andp1d-elastic peaks with re-
spect to thep112C-elastic peak was used to extract the el
tic cross sections. Using the same widths for all pea
allowed overlapping peaks to be reliably separated. Figu
shows the pion spectrum in the sixth ring (142°) of t
BGO-ball. The differential cross section at each angle w
calculated taking into account the angular acceptance of
detectors, pion decay between the target and the dete
pion nuclear reactions in the detector,p→m→e decay in the
detector, and the scattering of the pion out of the detec
before it is stopped.

III. RESULTS AND DISCUSSION

The measured differential cross sections are presente
Table I and in Fig. 3. The statistical errors include contrib
tion from peak fitting. The total error was obtained by addi
the statistical and normalization errors in quadrature.
overall systematic uncertainty of about 5% in the efficien
calculation is not included in the total error. This affects t
global normalization of all measured differential cross s
tions but does not change their relative values. A compari
of cross sections for thep1d→pp reaction, measured in th
same experiment, with the partial wave analysis@10# demon-
strates that our estimate of systematic uncertainties is rea
able.

We compared the measured cross sections with calc
tions within the framework of a unitary scattering theo
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57 2413p1112C ELASTIC SCATTERING BETWEEN 18 AND 44 MeV
~UST! @16# of the pion-nucleus interaction. The UST a
proach has been specifically designed for the descriptio
scattering of low-energy pions~below 80 MeV! by nuclei.
This approach is based on the method of evolution of
system with respect to the pion-nucleon coupling cons
which ensures the consistency of the theory to the unita
condition. The latter is very important at low energies whe
pion-nucleus dynamics is strongly influenced by the p
absorption channel. For example, at the energies below;30
MeV the reaction cross section dominated by the absorp

FIG. 3. Differential cross sections. Black squares are the d
from this experiment. Solid lines are the UST calculations.
of

e
nt
ty
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n

channel, and at energies around 50 MeV one can obser
strong interference between pure potential scattering ch
nels and the pion absorption channel. Impressive agreem
between the earlier UST calculations@16# and the recently
measured pion-carbon reaction and total cross sections a
ergies from 42 to 65 MeV has been demonstrated in R
@17#.

The basic quantities which are calculated in the UST
proach are the pion-nucleus scattering partial phase shif

dpA~k!5dpA
pot~k!1dpA

abs~k!. ~4!

Here,dpot is the part of the pion-nucleus phase shift that

ta

FIG. 4. Excitation functions at fixed scattering angles. Bla
squares are the data from this experiment. Open circles are the
from Refs.@1–9#. Solid lines are the UST calculations.
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2414 57V. YU. ALEXAKHIN et al.
due to the multiple scattering of a pion by the nuclear nuc
ons, anddabs is the absorption correction.

There is a multiple-scattering series@16# for a micro-
scopic calculation ofdpA

pot in terms of pion-nucleon phas
shifts and nuclear ground-state characteristics such
nuclear form factors and correlation functions. It has be
shown in Ref.@16# that at energies below 70 MeV it is su
ficient to calculate only the lowest two iterations of this s
ries. The only free parameter of the theory is an aver
excitation energy parameterD. This parameter is introduce
to take into account the excited states of the nucleus w
the closure approximation is used for the calculation of
imaginary part ofdpA

pot . Therefore, this parameter determin
a threshold behavior of the inelasticity parameters

Im dpA
pot;kD , ~5!

where the momentumkD is determined by the equatio
E0(k)2E0(kD)2D50, E0(k)5vp(k)1vA(k) is the colli-
sion energy. In the nonrelativistic case,kD5Ak222MpAD,
MpA is the pion-nucleus reduced mass.

As it has been shown in Ref.@16#, the parameterD can be
determined using the data on the reaction and total c
sections, and the best description of the data is provided
D515–25 MeV. In our calculations we useD520 MeV. It
should be noted that the65 MeV variation of the value ofD
around this value has a very weak effect on differential cr
sections at energies below 50 MeV because of a domin
contribution of the pion absorption term in the formation
the imaginary part of partial phase shifts (Imd5Im dpot

1Im dabs).
The absorption part is expressed in terms of the abs

tion parametersB̃0 and C̃0:

dpA
abs~k!5A~A21!

11e

112e/A
r̂2~qW !@B̃0~k!1C̃0~k!~kW 8•kW !#,

~6!

where,e5vp(k)/2M , vp is the pion energy,M is the mass
of a nucleon,r̂2(qW ) is the Fourier transform of the square
nuclear densityr(r ) ~normalized to unity!, qW 5kW82kW is the
momentum transfer, andkW andkW 8 are the pion momenta in
the p22N center-of-mass system. As has been shown
Ref. @16#, one can neglect the energy dependence of the
sorption parameters at the energies below 50 MeV, and t
values are determined from the data on the strong interac
shifts and widths in the 1S- and 2P-levels of pionic atom
The set of the absorption parameters given in Ref.@16#,
which provides a good description of the scattering data

B̃0~k!5~20.11 i0.1! fm45~20.0251 i0.025!mp
24 ,

C̃0~k!5~22.81 i1.0! fm65~20.351 i0.13!mp
26 . ~7!

Figure 3 shows the good agreement of the data for thep1

112C differential cross sections measured in this experim
with the calculations within the framework of the UST a
proach.

The present measurements of the differential cross
tions with an increment of 2 MeV make it possible to com
-
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pare the data with the calculations for the excitation fun
tions at different scattering angles:u537°, 65°, 83°, 103°,
118° and 142°. Although an overall quantitative descripti
of the data presented in Fig. 4 is satisfactory, one can se
obvious discrepancy at the angles around 90°. The meas
data hint at some oscillating structure at anglesu565°, 83°
and 103° for the energies from 25 to 35 MeV, while th
calculated excitation functions vary rather smoothly.

Figure 5 shows the calculated contributions from the d
ferent partial waves to the excitation function atu583°. At
angles close to 90° the excitation function is dominated bS
and D waves, and theD wave contribution starts to deter
mine the shape of the excitation function at the energ
above 20 MeV. Therefore, the data at angles close to
may provide information on the pion-nucleusD-wave inter-
action. Since the calculated partial waves (S, P, and D)
show smooth energy dependence it is difficult to underst
the irregular behavior of the data in this angular regio
Since the previous data from Refs.@3,6,7# are not of suffi-
cient precision to support or rule out this suggestion, m
data are needed before a detailed discussion of a pos
explanation of the oscillating structure in the excitation fun
tion at angles near 90° and the energy range 25–35 MeV
be given.

IV. CONCLUSIONS

We presented experimental data on the differential cr
sections forp1112C elastic scattering at the pion energi

FIG. 5. Excitation function atuc.m.583°. Black squares are th
data from this experiment. Open circles are the data from R
@3–9# for the angles close to 83°. The solid line is the UST calc
lations including all partial waves, the dashed line isS-wave only,
the dash-dotted line isS1P waves, and the dotted line isS1P
1D waves.
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between 18 and 44 MeV. The measured cross sections
compared with the UST calculations. Agreement betwe
measured and calculated cross section is rather good ex
for the angles close to 90°. It is shown that at these an
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the excitation function is dominated by theD-wave at ener-
gies above 20 MeV, and the data at angles close to
provide us with the information on the pion-nucleusD-wave
interaction at low energies.
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